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1. Introduction
Until the seventies, the polymers were generally considered to be electrical 
insulators. This concept was revised when the work of Shirakawa, Heeger and 
MacDiarmid [Shirakawa et al. 1977] was published in 1977. The discovery of 
inherently conducting polyacetylene doped with halogens opened a new field of 
polymer science. During the last thirty years, wide range of conducting polymers was 
described and studied. Polypyrrole, polythiophene, polyaniline, poly(p- 
phenylenevinylene) and many others became, in additions to polyacetylene, the objects 
of the scientific research. Polyaniline (PANI) has a stable position among conducting 
polymers due to its possible redox behavior and good environmental stability 
[MacDiarmid et al. 1987].
1.1. Polyaniline -  a Conducting Polymer
Polyaniline exists in various forms that differ in the degree of oxidation and in 
the doping level, on which the electronic structure, optical properties and conductivity 
of PANI forms depend [Huang et al. 1993]. This fact is important for the potential 
applications of this polymer. Polyaniline forms and their interconversions are shown in 
Scheme 1 [Stejskal et al. 1996]. Only the green protonated emeraldine is conducting. It 
is a product of the aniline oxidation and can be converted to the emeraldine base, a blue 
non-conducting form of PANI, by the deprotonation with hydroxides. The emeraldine 
form of PANI can also be reduced to a colorless leucoemeraldine, as well as oxidized to 
the pemigraniline.
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Scheme 1. Polyaniline forms and their interconversions \Stejskal et al. 1996].
The variety of redox states and the possibility of reversible transition from 
conducting to non-conducting form allow PANI to respond to a wide range of 
environmental stimuli. This ability to respond enables the usage of PANI in sensor 
fabrication [Sukeerthi et al. 1998, Bidan 2007, Yan et al. 2007]. An extensive review 
about sensors based on conducting polymers was published in 2007 by Bai [Bai et al. 
2007]. Further applications of conducting polymers are in microelectronics [Chen et al. 
1996, Topart et al. 1999, MacDiarmid 2001, Liu et al 2007], corrosion protection of 
metals [Lu et al. 1998, Gasparac et al. 2001, Zhang 2006, Brodinová et al. 2007], 
electromagnetic shielding [Joo et al. 1994, Niu 2001, Jing et al. 2005], antistatic 
coatings [Trivedi et al. 1992, Jeevananda et al. 1999, Bian et al. 2007], etc. Thin PANI 
films or PANI-modified surfaces are often required for this kind of applications.
Emeraldine base can be converted into conducting form by a non-redox acid 
doping process, the protonation, to yield electronically conducting PANI. The 
protonation of emeraldine base, conversion to emeraldine salt at pH lower than 6, 
changes its structure to a semiquinone nitrogen polaron lattice. The increase of 
conductivity after protonation has two main reasons: firstly, the number of charge 
carriers on the polymer backbone increases, secondly, the lattice distortion induced by
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the charges leads to the increase of the charge mobility [Huang et al. 1993]. The non­
conducting emeraldine base has the conductivity in the order of 10"9 S cm-1, the 
conducting emeraldine salt of 10 S cm-1 [Stejskal et al. 2002]. The protonation of 
emeraldine base is reflected by the changes in the optical properties as well. The color 
of the material is changed from blue to green as the protonation proceeds.
The fundamental process of doping is a charge-transfer reaction between an 
organic polymer and a dopant. When charge carriers are removed from (or added to) a 
polymer upon chemical doping, geometric parameters, such as bond lengths and angles, 
change. The charge is localized over the region of several repeating units. Since the 
localized charges can move along the polymer chain, they are regarded as charge 
carriers in conducting polymer. These quasi-particles are classified into polarons, 
bipolarons and solitons according to their charge and spin. We detect these excitations 
separately by electronic absorption, and vibrational spectroscopies. In particular 
geometric changes induced by doping can be studied by infrared (IR) and Raman 
spectroscopies. Vibration spectroscopies are techniques very sensitive to the local 
structure and, when performed during the doping process, they can provide valuable 
information about the local molecular distortion associated with defects in these systems 
[Quillard et al. 1999].
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1.2. Morphology of Polyaniline
Polyaniline is typically prepared by the oxidation of aniline with ammonium 
peroxydisulfate (APS) in the aqueous solutions of strong acids (Scheme 2) [Stejskal et 
al. 2002].
Scheme 2. Oxidation of aniline with APS yields PANI (emeraldine) via the protonated 
pemigraniline form [Manohar et al. 1991]. HA is an arbitrary acid constituting reaction 
medium. PANI can be protonated by this acid (as shown in the Scheme 1) or by sulfuric 
acid, which is a by-product.
The granular morphology is typical for PANI prepared in strongly acidic
but the products do not have a polymeric character and their study was not included in 
this Thesis. The morphology of PANI, granular or tubular, depends on the acidity 
conditions during the reaction rather than on the chemical structure of the acid 
[Konyushenko et al. 2006a]. The understanding of the principles of nanotube formation 
and knowledge of the factors that control the nanotubular morphology constitute a 
challenge.
solutions (Figure 1). The oxidation of aniline at mildly acidic conditions produces 
nanotubes. Microspheres are obtained when the oxidation is started in alkaline media,
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Figure 1. Scanning (left) and transmission 
(right) electron microscopy of PANI 
prepared at: (a) strongly acidic solutions, 
(b) mildly acidic conditions, ( c) m 
alkaline media [Stejskal et al. 2008]. 
Nano-scale objects of conducting 
polymers have recently been intensively 
investigated because of the potentially 
interesting electrical properties conferred 
by their morphology [Long et al. 2003]. 
Self-assembly of the P ANI chains was 
previously described for thin polymer 
films arising in situ on the surfaces 
immersed m to the polymerization 
mixture. Later, the more complicated self-assembled products were described as 
nanotubes [Huang et al. 1999, Zhang et al. 2005, Konyushenko et al. 2006a, Stejskal et 
al. 2006, Chiou et al. 2007], nanowires [Chiou et al. 2005, Huang et al. 2006a, Kan et 
al. 2006, Li et al. 2006b, Wang et al. 2007] or nanobelts [Song et al. 2007]. Several 
methods for nanotube and nanowire preparation were published, which benefits from 
the self-assembly of P ANI chains - a tem plate free proces s [Huang et al. 1999, Qiu et 
al. 2001], interfacial polymerization [Huang et al. 2006, Park et al. 2007], dilute 
polymerization [Chiou et al. 2005] or polyanion-assisted preparation [Zhang et al. 
2007a, Zhang et al. 2007b]. The hypothesis was proposed that the factor controlling the 
molecular structure of PANI and, consequently, the origin and growth of particular 
supramolecular structure is the acidity of the reaction mixture rather than the used acid 
[Konyushenko et al. 2006b]. 
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Figure 2. FTIR spectra of bases 
obtained by the deprotonation of 
samples prepared by the oxidation of 
aniline in 0.1 M sulfuric acid, 0.4 M 
acetic acid, or in 0.2 M ammonium 
hydroxide [Stejskal et.al. 2008].
Molecular structure of the 
samples with various morphologies may 
be studied by IR spectroscopy. FTIR ?ey'*■
■1 /  t  * r
spectra of the final oxidation products 
substantially differ from each other 
(Figure 2). The base forms of the 
oxidation products are better suited for
the comparison of molecular structure rather than the protonated counterparts, because 
the spectral features of counter-ions are absent. In addition to the main absorption bands 
of PANI base, located at 1585 and 1497 cm-1, a shoulder at about 1630 cm-1 and bands 
at 1445 and 1414 cm-1 are present in the spectra of the products obtained in 0.4 M 
acetic acid and under alkaline conditions. It is supposed that they correspond to the 
presence of or/Ao-coupled aniline units and phenazine-like units [Stejskal et al. 2006]. 
These peaks are not visible in the spectra of samples prepared in 0.1 M sulfuric acid. 
The peak at 1374 cm-1, typical of standard PANI base and assigned to C-N stretching in 
the neighborhood of a quinonoid ring [Kang et al. 1998], becomes reduced in the 
product prepared in less acidic conditions, e.g., in acetic acid. The peak located at 
1040 cm-1 suggests the presence of sulfonate groups attached to the aromatic rings 
[Trchová et al. 2006].
1.3. Course of Aniline Polymerization
It has been recently reported that the courses of aniline oxidation with APS in 
aqueous solutions of strong (sulfuric) or weak (acetic) acids are substantially different 
[Konyushenko et al. 2006a], The course of aniline polymerization, as an exothermic 
process, can be followed by the temperature measurement or by the pH changes 
occurring in the reaction mixture as a consequence of protons released when aniline
molecules react. This two profiles, pH and temperature, measured in situ during 
polymerization give complementary information.
The mechanism of the formation of various supramolecular structures of the 
final product obtained, depending on the conditions of the reaction, has not yet been 
elucidated. The reaction itself seems to be simple, yet it represents an interplay of 
complex multi-level chemical processes. The reaction mixture includes aniline 
monomer, aniline oligomers, and eventually a polymer during the oxidation of aniline. 
The different phases of the oxidation imply various states, the primary amino group in 
aniline, the secondary amino groups and terminal primary groups in oligomers and 
imino groups in polymer chains, which can have various basicity and can be in the basic 
state or protonated, depending on the acidity of the medium [Čirjič-Marjanovič et al. 
2006].
Figure 3. Changes of temperature 
(top) and acidity (bottom) during 
the oxidation-of 0.2 M aniline ^
with 0.25 M ammonium sulfate in * 
water, with 0.4 M acetic acid and 
with 0.1 M sulfuric acid 
[Konyushenko et al. 2006a].
The oxidation in 0.1 M 
sulfuric acid starts at pH 2.4 and 
the decrease in pH is well visible 
(Figure 3). An athermal induction 
period is followed by exothermic 
polymerization [Stejskal et al. 
2002, Konyushenko et al. 2006a], 
during which the temperature of 
the reaction mixture increases. 
Similar oxidation under mildly acidic conditions, in 0.4 M acetic acid, starts 
immediately, as illustrated by the sudden drop in pH and the evolution of heat. After the 
pH falls below ~ 3.5, the oxidation virtually stops and the mixture cools, just to be 
followed by the second exothermic phase, starting below ca pH 2.5. The pH and
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temperature profiles of the aniline polymerization in water are similar to profiles of 
polymerization in 0.4 M acetic acid [Trchová et al. 2006].
The oxidative polymerization of aniline with APS in aqueous solution starting 
from neutral, or slightly acidic reaction conditions, which proceeds via two stages 
[Konyushenko et al. 2006a], has recently been recognized as an efficient template-free 
synthetic route to nanostructured PANI [Zhang et al. 2005, Zhang et al. 2007]. The non­
conducting insoluble aniline oligomers, formed during the first stage of polymerization, 
have been proposed to guide the growth of conducting PANI nanorods and nanotubes 
during the second stage [Stejskal et al. 2006]. Nanotubes or nanofibers of conducting 
polymers have attracted more and more interest because of their novel properties and 
wide potential application for nanoscale engineering.
The formation of different morphologies dependent on polymerization 
conditions and the molecular structure of the products may be examined by the FTIR 
and Raman spectroscopies.
1.4. In-situ Polymerized Polyaniline Films
Strongly adhering thin PANI films required in many applications can be 
deposited on a variety of substrates by immersion of the substrate into an aqueous 
solution of aniline with added oxidant, i.e. by in-situ adsorption polymerization 
described by MacDiarmid and Epstein in 1989 [MacDiarmid et al. 1989]. In-situ 
chemical polymerization on surfaces allows coverage of different kinds of surfaces by 
thin PANI layer. The films were prepared on insulating materials such as glass or quartz 
[Zheng et al. 1997, Geng et al. 1998] or polymers [MacDiarmid et al. 1989, Manohar et 
al. 1991, MacDiarmid et al. 1997]. The in-situ polymerization was used to modify the 
surface of different objects. Fibers and textiles were covered by the PANI overlayer in 
order to increase the conductivity of the material [Trivedi et al. 1993, Gregory et al. 
1989, Armes et al. 1991]. Microparticles such as polystyrene latexes, silica 
microspheres, polymers particles or carbon nanotubes were modified by the thin PANI 
and the resulting composite materials were studied [Konyushenko et al. 2006a].
In-situ surface polymerization precedes the precipitation polymerization in the 
bulk of the reaction mixture when a precipitate is produced. The hypothesis that the
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polymerization of aniline is catalyzed by adsorption of an oligomeric intermediate, 
which is more hydrophobic than the original anilinium cations, at the available surface 
was proposed [Sapurina et al. 2002]. The oligomers have a higher reactivity toward 
initiating the growth of PANI chains [Wu et al. 2001, Fedorova et al. 2002, Mazur et al 
2004, Stejskal et a l 2005]. It was observed, that thin PANI film covers any surfaces in 
the contact with reaction mixture [Stejskal et al. 1999, Ayad et al. 2004, Li etal. 2006a]. 
The thickness of the film varies from 40 to 400 nm depending on the conditions of 
polymerization [MacDiarmid et a l 1989]. The brush-like ordering of the 
macromolecular chains was observed in the films; it is the result of preferable interchain 
arrangement due to hydrogen bonding between imine and amine nitrogens in adjacent 
macromolecules [Sapurina et a l 2004]. A more detailed study of the organized polymer 
structure based on hydrogen bonding in conducting polymers has not yet been reported 
in the literature.
1.5. Evolution of the Molecular Structure
The analysis of the early stages of the oxidative polymerization of aniline is the 
clue to understanding the evolution of the molecular and supramolecular structure of 
PANI. The progress of the chemical oxidation of aniline can be monitored in situ by 
attenuated total reflection (ATR) FTIR spectroscopy [Trchová et al. 2005]. It is a 
contact sampling method in which a crystalline material of high refractive index is used 
as an internal reflection element. The electric field at the interface penetrates to medium 
with lower refraction index in the form of an evanescent field whose amplitude decays 
exponentially with distance into the sample. This method allows observing the early 
stages of polymerization directly during the oxidation process. The growth of PANI 
film on the crystal surface together with the changes proceeding in the surrounding 
aqueous medium are reflected in the spectra. Hypothesis that the polymerization of 
aniline is catalyzed by adsorption of an oligomeric intermediate at the available surface 
may be tested by this method.
Another technique suitable to reflect the course of polymerization is based on 
the isolation of reaction intermediates and their ex-situ characterization. The oxidation 
reaction is terminated at various stages and the molecular structure and morphology of
17
the reaction intermediates is assessed. The evolution of aniline oligomers produced in 
the first part of the reaction and a polymer in the subsequent regime can be studied. The 
molecular structure of the products of aniline polymerization may be studied by 
vibrational spectroscopy. The evolution of supramolecular structure, i.e., of the PANI 
nanotubes formed during aniline oxidation, may be followed by the optical or electron 
microscopy.
1.6. Stability of Polyaniline Films
The structural and electrical stability of the in-situ deposited films is of 
substantial importance, because in-situ aniline polymerization has often been used for 
surface modification. Decay of the electrical conductivity of the film under 
environmental conditions with time, connected to the changes at molecular level, is a 
phenomenon, which sets fundamental restriction to possible technical applications. 
Because of the nano-scale thickness of the films, their thermal degradation is observed 
to be faster than that of the bulk samples [Prokeš et al. 2001]. The changes at molecular 
level, e.g., manifested by gradual conversion of the PANI salt to base, are expected to 
be the main processes controlling the level of conductivity. It is a consequence of a 
complex combination of structural changes: deprotonation, also the loss of conjugation, 
oxidative processes, crosslinking, and other chemical reactions on PANI chains 
(chlorination, sulfonation) [Rannou et al. 1997]. The conductivity decreases as a 
consequence of combination of these factors and their influence on the degradation 
process can hardly be separated.
The most obvious mechanism of conductivity decrease is based on the 
deprotonation of PANI, i.e. the loss of acid molecules. More subtle changes may be 
caused by the redistribution of acid molecules along PANI chain or by the substitution 
reaction on benzenoid rings in PANI. The PANI structure, represented by PANI base, 
may further be modified in two ways. The first way is inherent to the polymer and 
occurs independently on the ageing conditions. It consists of cross-linking through 
tertial amine groups created from imine nitrogen after the double bond breaks. The 
second mechanism depends on the presence of oxygen in the surrounding atmosphere. It
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is based on oxygen incorporation as carbonyl groups and in oxidative chain-scission. 
[Kieffel etal. 2002).
The stability of PANI doped by various inorganic salts may be investigated by 
using vibrational spectroscopy. For applications of PANI nanotubes or nanofibers, the 
stability of the nanostructured films is crucial and good comprehension of the 
degradation mechanisms is necessary. Geometric changes induced by doping can be 
studied by IR and Raman spectroscopies [Furukawa et al. 1999]. These methods are an 
efficient tool to assess the changes in the molecular structure occurring during ageing.
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2. Aims of the Thesis
As we have shown, the analysis of the early stages of aniline oxidative 
polymerization is the clue for understanding of the development of molecular and 
supramolecular structure of PANI. Explanation of the evolution of the PANI molecular 
structure on the nanoscale level can be applied to generate materials with novel optical 
and electrical properties. That is why this work concentrates on the study of the 
processes of the molecular structure evolution during chemical oxidation of aniline 
under various conditions which lead to the products with different morphology. Two 
main approaches to study of the aniline polymerization by the FTIR spectroscopy were 
applied.
The first one is the in-situ attenuated total reflectance (ATR) FTIR spectroscopy. 
The growth of the PANI film is directly studied on the ATR crystal in the FTIR 
spectrometer and the FTIR spectra are recorded during the oxidation reaction. Besides 
the differential spectra, the sets of as-measured spectra were treated by the factor 
analysis (FA). This method helps us to distinguish between the different stages of 
polymerization reaction and to characterize them by their typical spectra. The 
morphology of the final films was studied by optical microscopy. This approach is 
developed and firstly published by our group.
The second approach consists of the termination of the oxidation reaction at 
various stages followed by the assessment of the molecular structure and the 
morphology of the reaction intermediates. Both films deposited on silicon windows and 
the accompanying precipitate are collected and characterized by FTIR spectroscopy, 
gel-permeation chromatography and optical microscopy in this experiment.
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Each of these techniques has its own advantages and disadvantages. The 
application of both and the comparison of their results give us more complex insight 
into the problem of aniline polymerization.
In addition to the study of the evolution of the molecular structure during aniline 
oxidation, we were interested in the processes connected with the PANI-films ageing as 
their environmental stability is often the factor controlling their possible application. 
Information about the ageing mechanism in the thin films is of substantial importance, 
because in-situ polymerization of aniline has often been used for the surface 
modification of various substrates. Most of the processes expected in PANI during 
ageing, which are described in literature (e.g., deprotonation of PANI salt to PANI base, 
oxidation, crosslinking, chain degradation, etc.), are connected with the changes of the 
molecular structure. These changes are closely linked with the changes in the 
vibrational spectra of the material. The vibrational spectroscopies (FTIR and Raman) 
are thus an effective instrument for the detection and description of the ageing 
mechanisms. In this work, the ageing process is studied in the dependence on the 
doping counter-ions, temperature of ageing and morphology of the films.
2 1
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3. Experimental 
3.1. lnfrared Spectroscopy 
All spectroscopic experiments were done by the author of the Thesis at the 
Department of Structure Analysis in the Institute of Macromolecular Chemistry 
Academy of Sciences of the Czech Republic. Infrared spectra of samples were collected 
on two Fourier transform infrared (FTIR) spectrometers: Bruker ISF 55 Equinox and 
-v-
Nicolet Nexus 870 spectrometer (Figure 4). 
Figure 4. FTIR Nicolet Nexus 870 spectrometer. 
FTIR Nicolet Nexus 870 spectrometer (Thermo Nicolet, USA) allows 
measurement in the near- and mid-IR spectral range. The wide spectral range is covered 
by two sources, one in the mid-IR region (electrical temperature controlled Ever-Glo 
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lamp), the second one in the near-IR region (white light halogen lamp) (Figure 5, A). 
Two beamsplitters (Figure 5, B), transparent in corresponding region, are used with 
corresponding sources. The KBr beamsplitter is used in the mid-IR range, the CaF2 is 
dedicated to the near-IR measurements. Two different detectors are available, DTGS 
(Deuterated Triglycine Sulfate) and MCT-A (Mercury Cadmium Tellurium) (Figure 5, 
C). They can be used in the whole spectral range as required by the experimental setup. 
The DTGS detector, based on the pyroelectric effect, is often used for the transmission 
measurements and in those measurements that do not require any special equipment that 
would cause the drop in the IR beam intensity. 
Figure 5. FTIR spectrometer Nicolet Nexus 870, a view inside. 
The MCT-A detector, a photonic one, has a low noise level, which can be up to 
100 times lower then in a DTGS detector, and shorter resolving time. It is then used 
with equipment such as multi- or single-reflection ATR accessory as well as for rapid 
measurements. The general disadvantages of MCT detector is the higher price and the 
necessity to cool it down to reduce thermal noise. 
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Nicolet Nexus 870 spectrometer is equipped with Vectra-Piezo air-cushioned 
graphite step-scan interferometer (Figure 5, D). It enables, besides the usual mode of 
recording an IR spectrum, to use so called Step-Scan mode. Step-Scan mode eliminates 
Fourier modulation interference encountered in continuous FTIR spectroscopy and 
allows a measurement to be made as an explicit function of phase, time or space. 
Typical modulation experiment of the phase-resolved spectroscopy is a photoacoustic­
cell depth-profiling.
The accurate interferometer built in FTIR Nicolet Nexus 870 spectrometer 
supports the precise time-resolved measurement which does not require the Step-Scan 
method. These time-resolved measurements, in which the interferogram is recorded at 
once as usually, are used to study the processes which are slower and which can not be 
precisely repeated many times as it is necessary for step-scan spectroscopy. The 
measurements then require the MCT-A detector, which is faster than the DTGS. We 
used this advantage for our in-situ ATR FTIR spectroscopic measurements (see below).
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3.2. Raman Spectroscopy 
The Raman spectroscopy was applied as a complementary method to the IR 
spectroscopy in the study of the changes of molecular structure of P ANI films deposited 
on silicon windows during their thermal ageing. 
Figure 6. Renishaw in Via Reflex Raman microscope. 
The Renishaw in Via Reflex Raman microscope (Figure 6) is equipped by the 
research grade Leica DM LM microscope with objective magnification 5, 1 O, 20, 50 
and 100. A high efficiency 250 mm focal length spectrograph with the resolution up to 
0.5 cm-1 per pixel (three holographic gratings 1800, 2400 and 3000 lines mm-1) are 
available. The HeNe 633 nm and Ar+ ion 514 nm lasers can be used for excitation ofthe 
- [ y ( 
Raman scattering. A Peltier-cooled (-70 °C) CCD detector (576 x 384 pixels) registers 
the dispersed light. X-Y-Z motorized mapping sample stage (step in XY axis 0.1 µm 
and in Z axis 1 µm) with joystick and software control allows 'point by point', line, and 
area mapping. The NExT filter allows the measurement of the Raman spectrum to 1 O 
cm-1• Additional Macro Sampling Kit is also available (Figure 7). 
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Figure 7. Schema of Renishaw InVia Reflex Raman microscope.
To avoid the degradation of the films in various oxidation forms of PANI, a 
correspondingly lowered power has been used. An acquisition time from 10 s to 60 s 
was optimized for each individual measurement. The position of the sample was 
controlled and the data were processed with Wire 2.0 software.
3.3. In-situ FTIR ATR Spectroscopic Experiment
The attenuated total reflectance (ATR) spectroscopy is a method that uses an
internal refraction element to couple the IR beam. This method is particularly useful
  —-
when the samples are strong absorbers and/or the surface probe is required. The other 
advantages of ATR spectroscopy are a handy manipulation and no or very little sample 
pre-treatment.
The ATR crystal consists of a transparent material with high refractive index in 
the mid-IR range, like Ge, Si, diamond, or ZnSe. The IR beam penetrates to the crystal 
under given angle and is totally reflected once or several times on the surfaces of the 
ATR crystal before leaves the crystal. The total internal reflection occurs when the 
angle of incidence Θ on the interface crystal-sample is higher than the critical angle 6C 
derived from the Snell’s law of refraction [Urban 1996, Chapter 1, pp 10].
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Figure 8. ATR spectroscopy 
scheme: The incident IR beam is 
totally reflected on the boundary 
of the crystal of the refractive 
index m, and sample of the 
refractive index /?;.
As the beam is totally 
reflected at the point of refraction
the evanescent electromagnetic field penetrates into the sample in the contact with ATR 
crystal (Figure 8). The refractedbeam will then carry the information about the region 
close to the surface of the crystal. The amplitude of the evanescent wave decays 
exponentially and the thickness of sample on the ATR crystal surface probed by the IR 
beam is characterized by the penetration depth dp.
The penetration depth is defined as the distance from the ATR crystal surface 
where the intensity of the evanescent wave decays by a factor of 1/e. The value of the 
penetration depth can be expressed when the sample is transparent as
Equation (1) describes the simplest case of measurement but illustrates well the 
dependence of the penetration depth on many factors: wavenumber V , the angle of 
incidence Θ and on the refractive indices of sample and crystal [Urban 1996, 
Chapter 3, pp 36]. The IR spectrum of the sample is generated when absorption occurs 
at the interface and the evanescent field is attenuated. Since only small volume of the 
sample near ATR crystal surface is probed, a very good contact between the sample and 
crystal must be guaranteed.
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A  droplet of a polymerization 
mixture
Figure 9. The growth of the PANI film at the interface between of the polymerization 
mixture and ATR crystal in in-situ FTIR ATR mode.
We have used the ATR technique in our study of the aniline oxidation which 
leads to the formation of in-situ grown films. The experiment setup is schematically 
drawn in Figure 9. A droplet of reaction mixture was placed at room temperature on a 
ZnSe crystal. The multiple-reflection ATR equipment has been used. We expect that 
aniline oligomers adsorbed at the substrate surface start and promote the chain growth 
[Stejskal et al. 1999]. The molecular structure of these first products of the reaction, 
which has never been studied before, may be investigated by ATR spectra. The growth 
of PANI film at the surface precedes the formation of PANI precipitate in the bulk 
[Stejskal et al. 2003]. The growing PANI chains are presented in the pemigraniline form 
as is demonstrated by the deep blue color of the mixture. Later, the pemigraniline form 
is reduced by the residual aniline monomer to the conducting emeraldine form. It was 
anticipated that the FTIR spectra recorded in situ during the polymerization of aniline 
could contribute to a better understanding of this process.
Several problems may appear during the course of aniline oxidation and growing 
of the PANI film on the ATR crystal. At first, the sampling depth depends on the 
refractive index of the ATR crystal and of the sample, and also on the.wavelength of the 
incidentjjeam. The second difficulty is connected with the covering of the crystal 
surface by the reaction intermediates and products. We have also to consider the 
problem of their solubility.
The refractive index of ATR crystal is constant and for ZnSe crystal it is = 
2.4, but refractive index of the sample, «2, changes during the aniline polymerization
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from its value of the initial aqueous solution to the PANI film covering the surface of 
crystal. The refractive index of APS and aniline aqueous solution is near to the index of 
water, vi2 = 1.33. The refractive index of the final film is in the range 1.5 -  1.6 [Mo et al. 
1993]. The penetration depth corresponding to the refractive index 1.33 is, in 
accordance with the relation (1), 0.8 μπι at 2000 cm-1 considering the refractive index 
of ZnSe crystal 2.4 and angle of incidence 45°. The penetration depth under the same 
conditions for PANI film is between 1.0 and 1.2 μιη at 2000 cm-1. The intensity of the 
ATR FTIR spectra measured in the course of the oxidation reaction increases 
monotonically (and continuously) up to the end of polymerization due to the growing 
PANI film. This fact indicates that the refractive index of the reaction intermediates 
continuously increases but does not cross the boundary of the critical angle and that the 
condition of the total internal reflection is satisfied all the time of the measurement. The 
critical value of the sample refractive index is 1.7 in the case of the ZnSe crystal with 
the angle of incidence 45° used.
The variable refractive index of the sample, leading to the variations in 
penetration depth, excludes the possibility to quantify precisely the concentration of 
chemical species during the polymerization reaction. On the other site, the objectives of 
the ATR experiments were to identify the main intermediates of the reaction and to 
compare the influence of initial conditions on the course of polymerization for various 
morphologies of the final products. The ATR technique seems to be suitable for these 
purposes despite the impossibility of exact quantifications.
The reciprocal dependence of the penetration depth on the wavenumber can be 
easily corrected. The dependence on refractive index of the sample and ATR crystal 
leads to other problems inherently connected to the ATR techniques. It is the distortion 
of the band shapes and the shifts in the band maxima due to the optical dispersion 
effects [Urban 1996, Chapter 4, pp 62]. Because any quantitative comparison between 
the ATR and transmission measurement is not needed, the results of the ATR 
measurements were used without any correction in all cases. The aim of this decision 
was to avoid any additional artificial distortions of the spectra, which can be introduced 
into the results by any kind of correction.
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The second phenomenon, typical of PANI as a conducting polymer, is the metal­
like reflection. Metals reflects light at frequencies below the plasma frequency, 0)p, 
defined as
where N  is the number of electrons per unit volume, e is electron charge and m* 
is the effective mass of the electrons in the solids [McGehee et al. 1999]. The plasma 
frequency is in the ultraviolet region for conventional metals, hv = 4 -  5 eV. Conducting 
polymers in metallic regime have a lower density of electrons; their plasma frequency 
thus is at approximately 1 eV (about 8.000 cm-1). The conducting polymers are then 
transparent in the visible light and partially reflect IR radiation. The presence of the free 
charge carriers is manifested by the polaron band observed in the spectra above 2000 
cm-1 which is connected with the π-π* transition between the partially filled conducting 
band and the lowest energy unoccupied band [McGehee et al. 1999].
The good contact between sample and the crystal is necessary because 
penetration depth is in order of micrometers and any gap between ATR crystal and 
sample can influence the quality of the spectrum and produce undesirable reflections. 
The good contact is assured between the drop of the aqueous solution and any wettable 
material of ATR crystal. The ZnSe crystal was chosen as the suitable material for our 
experiment. At the end of the polymerization, the PANI film covers the surface of the 
crystal. The PANI chains are growing from the nuclei directly adsorbed on the crystal 
surface, so the contact between the final film and the crystal surface is excellent. From 
this point of view, the Ge crystal was excluded, despite its better chemical stability, as 
the in-situ film was not arising on its surface in required quality. The control 
transmission measurement of ZnSe crystal with the PANI film proved the good contact 
between them. The shape of the transmission spectra agreed with the spectra measured 
by ATR technique.
Due to the growth of the PANI film on the surface of the crystal, the intensities 
of the two broad bands of water situated at 1620 and 3300 cm-1 slowly decrease in the 
course of the polymerization without any significant decrease of the solution volume. 
The film arising on the reaction mixture-crystal interface influences the evanescent 
wave energy in the region of PANI absorption which is so partially consumed before it
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reaches to the aqueous solution. This effect can result to the misleading interpretation of 
the reaction processes. The decrease of the bands assigned to the reacting species can be 
induced by the film shielding as well as by their consumption during the reaction. This 
fact must be kept in mind in the interpretation of spectra especially at the end of the 
reaction. So, a real decrease of reacting species is proved by an increase of the intensity 
of the bands connected with the product of their reaction, besides the decrease of the 
band assigned to reactants.
However, the film covering the crystal surface protects its material from the 
possible damages cause by the presence of oxidant and acid in the reaction mixture. The 
exposition time to these chemicals is sufficiently reduced. The crystal was easily 
cleaned and PANI film removed with a 5 % solution of potassium dichromate in 5 % 
sulfuric acid (dilute chromic acid). The transmission and ATR spectra of the ZnSe 
crystal were measured before and after the experiment and cleaning. The comparison of 
the spectra confirmed the crystal to be left spectroscopically intact.
The solubility of the intermediates plays important role in their detection by 
ATR method. The insoluble intermediates precipitate on the surface of the crystal and 
are preferentially detected due to the surface sensitivity of the ATR spectroscopy. On 
the other hand, the thickness of the created film is smaller than the penetration depth 
and the bands corresponding to water are always presented in the ATR spectra. An 
additional experiment was done to establish the relevance of the soluble and insoluble 
species. Both were compared with the aim to obtain reliable results. The experiments 
confirmed the hypothesis that the insoluble intermediates play a crucial role in the 
nucleation of the PANI films as well as in the formation of nanostructures. From this 
point of view, the ATR technique seems to be useful for the study of fast processes 
during the aniline polymerization.
Factor Analysis
The essential information can be extracted from the set of spectra by factor 
analysis (FA). The factor analysis enables us to characterize the original series of 
spectra by the orthogonal base. The orthogonal base is composed from the set of so- 
called “subspectra” Sj. The statistical importance of each spectrum is expressed by the 
set of singular numbers w,; the relative presence of the subspectrum in the
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experimental spectrum Yt is specified by the coefficients Vy. The experimental spectrum 
Yi is given by the expression
The approximation of the complete experimental series of spectra is enabled by 
the most significant subspectra obtained by FA. The number of independent subspectra 
m (m < ri) necessary to ensure the adequate agreement with the experimental set of 
spectra is a factor dimension and can be derived from the residual errors [Henry et al. 
1992, Hanuš et al. 1999].
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3.4. Ageing Experiment
The material stability during ageing is crucial for possible applications. The 
PANI thin films prepared in situ are suitable for various purposes but their degradation 
was rarely studied. Two experiments were proposed to understand the processes 
responsible for the degradation at elevated temperature. These studies revealed that the 
degradation have different patterns at different temperatures. The dependence of the 
PANI films molecular structure on temperature studied by FTIR spectroscopy was 
compared with the results of conductivity measurements. The degradation experiments 
are described precisely in our papers. The important equipment that enables the 
measurement is the temperature cell, which is described in detail in the following:
Temperature Cell
The temperature cell, used during the ageing studies [R6, R7], is composed of 
two parts - the Electrical Heating Jacket (20730) (Figure 10) and the Solids Holder (P/N 
20600) (Figure 11). The Electrical Heating Jacket is fitted with a low voltage heater (36 
Volts), powered by a 3000 Series Temperature Controller. It can operate from ambient 
temperature to 250 °C. The Electrical Heating Jacket is mounted to a water cooled black 
plate 7.6 * 5.1 cm. The water cooling minimizes transfer of heat from the accessory to 
the spectrometer. Included with the accessory is a separate Cr/Al thermocouple.
The body of Solid Holder P/N 20600 
has a fixed size aperture of 10 mm and 
hence solid samples can be analyzed with 
diameter from 12 mm to 28 mm and up to 3 
mm thick. The sample is located in the 
holder between the cell body and pressure 
plate. Alignment of the pressure plate with the anti-rotation pin is secured by the 
tightened screw retaining ring. The thermocouple connection (the well hole) is drilled 
into the front side of the pressure plate. This accommodates the junction end of a
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stainless steel sheathed thermocouple for temperature monitoring by the use of an 
automatic temperature controller.
Figure 10. Electrical Heating Jacket (20730).
The Solids Holder (P/N 20600) is used with the 
Electrical Heating Jacket 20730. The body is held in the 
Electrical Heating Jacket by the clamp front plate, which is 
tightened by quick-fit nuts. The Electrical Heating Jacket 
accessory itself is located in the spectrometer using 7.6 * 
S.l cm black plate. The water flows through the back plate as the water pipes are 
securely connected to the flow tubes. The accessory is connected with the 3000 Series 
Temperature Controller via cable.
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4. Results and Discussion
The results of this Thesis are presented as a collection of papers published in 
impacted reviewed journals. The papers are divided into two parts. The papers dealing 
with the oxidative polymerization of aniline are collected in the first section. The 
second part summarizes the papers published on the thermal stability of the PANI films. 
The papers are cited in following text as R1-R8 in the chronological order (see Chapter 
6. List of Papers).
4.1. Spectroscopic Study of Aniline Oxidation
The papers [R1-R5] are focused on the chemical oxidation of aniline under 
various conditions. The IR spectroscopy proved to be a useful tool in studying the effect 
of the various counter-ions on the reaction mechanism, the role of the acidity in the 
polymerization and formation of various morphologies during the polymerization 
process.
When the reaction starts in a highly acidic medium, e.g. when hydrochloric, 
sulfuric, or phosphoric acid is added, the so-called induction period is observed, where 
the temperature of the reaction mixture stays almost constant or increases only slightly
-VÁ(Figure 3). This phase is followed by an exothermic process, attributed to aniline
polymerization, which is manifested by the increase of temperature. The exothermic 
polymerization is accompanied with a drop in pH, as expected (Figure 3). The granular 
precipitate or films covering surfaces immersed into the reaction medium are produced 
by the aniline oxidation in strong acids [R1-R3, R5].
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When the polymerization proceeds in the solution of acetic acid or in water, the 
polymerization pattern is different [R3-R5]. The temperature starts to increase from the 
very beginning of the reaction, but then the temperature increase slows down and then 
the temperature grows again in the next stage (Figure 3). Therefore, two exothermic 
processes follow in succession. On the acidity curve we can also distinguish two 
subsequent phases (Figure 3). The products prepared in solution of acetic acid and in 
water include PANI nanostructures.
Two main approaches to study of the aniline polymerization by the FTIR 
spectroscopy were applied and the results were continuously published in our papers 
[R1-R5]. The first one is in-situ ATR FTIR spectroscopy when the growth of the PANI 
film on the ATR crystal in the FTIR spectrometer is studied directly. This approach was 
developed and firstly published by our group [Rl]. The second direction is based on the 
termination of the polymerization reaction at various stages and on following it by the 
assessment of the molecular structure and the morphology of any reaction 
intermediates. The application of both possibilities and the comparison of their results 
give us more detailed insight into the problem of aniline polymerization.
The corresponding difference of two consecutive FTIR spectra were plotted to 
detect the changes in the spectra as described in [Rl] and [R2]. As the sampling interval 
was getting shorter [R5], averaging of the spectra was necessary to get reasonable 
information from differential spectra. The differential spectra were obtained after 
averaging of about four spectra measured during 1 min. When the shorter time interval 
was used for averaging, the differential spectra were featureless and the signal to noise 
ratio was insufficient. Unfortunately, the detailed information about the course of 
polymerization was lost. Some sets of the spectra measured by the in-situ ATR 
spectroscopy were evaluated by the factor analysis [R5]. The results obtained by factor 
analysis helped us to understand better the main processes which take part in the 
polymerization and to compare different types of reactions which take place during the 
polymerization.
Complementary to the ATR experiments, the intermediates and final products 
with various morphologies were separated and investigated by the transmission FTIR 
spectroscopy and by other methods in order to follow the development of the
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nanostructures. The differences in the molecular structures of the final products were 
described and assigned to the different morphologies.
The results from the in situ spectroscopy confirmed the similarity of the products 
obtained by the early termination of the polymerization with those present in the 
reaction medium during the reaction. Their continuous development was proved by 
collecting their spectra at virtually any time of the reaction. On the other hand, the 
interruption of the reaction and the separation of the dry intermediates in the second 
experiment enabled the measurement of the spectra of intermediates in high quality 
without the interference of water. The development of the PANI-films morphology 
could be followed and supplemented measurement carried out as well. The results of 
both types of experiments supported each other. Together they enable better 
understanding of the aniline polymerization and of the processes leading to different 
morphologies of the final films.
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4.1.1. In-situ Polymerized Polyaniline Films: 6. FTIR Spectroscopic Study 
of Aniline Polymerization [Rl]
The polymerization of aniline on the ZnSe crystal can be observed directly in the 
FTIR spectrophotometer. The polymerization of aniline in the solution of hydrochloric 
acid was followed in situ by the ATR FTIR spectroscopy after depositing a droplet of 
the reaction mixture on a ZnSe crystal and by the temperature measurement in the rest 
of the mixture. The growth of PANI film at the interface between the polymerization 
mixture and ZnSe crystal was monitored in situ by FTIR spectroscopy. The ATR FTIR 
spectroscopy reflects the changes occurring at the ZnSe crystal surface as well as in the 
thin layer of the reaction mixture over the crystal. The growth of the film can be 
distinguished from the subsequent precipitation polymerization in the bulk of the 
reaction mixture.
The evolution of FTIR spectra during the polymerization of aniline was 
monitored. The IR spectra at selected reaction times and corresponding differences of 
two consecutive spectra recorded at various stages of polymerization were analyzed. 
They were compared with the temperature profile during the oxidative polymerization 
of aniline in aqueous medium in the presence of hydrochloric acid.
The induction period at the beginning of the reaction was confirmed by this 
method. The ATR FTIR measurement demonstrated that the surface polymerization 
precedes the bulk polymerization. The FTIR spectroscopy revealed that the oxidation 
agent, APS, was consumed gradually in the course of the reaction. The development of 
PANI forms and the conversion of pemigraniline to emeraldine structure at the end of 
polymerization was also well visible by FTIR technique.
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Abstract
Piriyanüinc w&s prepared by  th e  oxidative polym erization o f  an iline hydrochloridc w ith am m onium  p cu n y d ü u H ä lc  ia  aqueous m edium . H ie  
progress o f  polytiKTfaalion w as m onitored m situ  by F T IR  spectroscopy a fte r  depositing  a  drople t o f  d ie  reaction  m ixture on  a  Z a S e  crystal. The 
grow th  o f  polyanilinc film  a t the  a y m l  su rf tcc , o  « d l  a s  changca proccuding in  th e  sum m nding  aqueous phase, is i d h d d  ia  th e  φ ο α τ τ  H ie  
p m e « i  oecu iring  during polym erization are discussed  w ith  the  help  o fd iffena itia l spectra.
tm n m ti: PnlyaniltiK: Thin films: Infrared ^Mctroscopy
1. Introdnctlon
Polyaniline (PANI) is one o f the most common
conducting polymer·. When and me is oxidized in an acidic 
aqueous medium with ammonium peroxydisulfele (APS) 
(Scheme 1), a PANI precipitate ύ  obtained 11,2 ]. The blue 
pemigraniline form present during Che polymerization 
converts to a green protonated emeraldine at the end o f this 
process (31- The reaction »  exothermic and yields, besides 
a coloured PANI, sulfuric acid as a by-product. The 
progress o f polymerization thus can be followed by 
recording the temperature, the polymer mass, the visible 
spectra or the pH. Other methods based on the 
determination of the concentration o f reaction components, 
such as NMR or liquid chromatography, are also 
applicable. In the present paper, we report the use of FTIR 
spectroscopy in the attenuated total reflection (ATR) mode 
for monitoring (he progress o f aniline polymerization.
Any surface in contact with die reaction mixture 
becomes coated with a thin PANI film, about 40-400 nm 
thick, depending on the reaction conditions [1], Green and 
Woodhcad (4) had already in 1912 mentioned “emeraldine 
(which) when formed on the fibre has long been known to 
technologists". The technique o f surface polymerization 
has often been used in the coating o f various materials with 
a conducting polymer overlaycr. The substrates to be 
coaled included flat surfaces, particlcs o f days, ferrites, and 
inorganic oxides, polymer micraspheres. membranes, etc.
Fn-situ surface polymerization, giving rise to thin PANI 
films, is kinetically preferred to precipitation polymer­
ization in an aqueous phase that produces a PANI 
precipitate (5-7J. This means that the formation o f  the films 
precedes polymerization in the bulk, both processes 
proceeding independently in succession. The hypothesis 
that the polymerization o f aniline is catalyzed by adsorption 
of an oligomeric intermediate at the available surfaces has 
been proposed [6-8]. It is therefore o f  interest to investigate 
the formation o f conducting nanoQms in relation to the 
processes that take place in the surrounding aqueous phase.
0J79-4T79/1 -  M4 fron: m in tr β  200$ Elwríei B.V. Alt rights rescind, 
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FTIR spectroscopy has already provided valuable 
information on the chcmical nature and structure of ΡΛΝΙ 
films, including the ordering of PANI chains based on 
hydrogen bonding (5. 9J. PANI film formal ion has been 
followed during the electrochemical polymerization of 
aniline [10]. The present paper reports the use o f FTIR 
spectroscopy in the study of the chemical oxidation of 
aniline. The ATR technique has been used to characterize 
PANI films as they grow in situ on the ZaSe crystal in the 
spectrophotometer.
2. Experimental
Polyanilinc was prepared by the oxidation of 0.2 M 
aniline hydrochloridc with 0.2S M APS [2] in water. After 
mixing solutions of the reactants, a droplet o f reaction 
mixture was placed at room temperature on a ZnSe crystal. 
ATR FTIR spcctra were recorded in situ with an IFS 55 
EQUINOX FTIR spectrometer (Broker, Germany) in dry 
air in 45 s intervals, collecting 30 scans per spectrum at 4 
cm '1 resolution. After 25 min, the crystal coated with a 
PANI film [II] was rinsed with 0.2 M HC1 to remove the 
adhering PANI precipitate, then with acetone, and dried in 
air. The spectra of a dry PANI film were then again 
recorded, in both the reflection and transmission modes. 
The crystal was easily cleaned and PANI film removed 
with a I % solution o f potassium dtchromate in 1 % 
sulfuric acid (dilute chromic acid). The transmission 
spcctnnn of the clean ZnSe crystal proved that there was no 
damage of the crystal surface caused by the polymerization 
of aniline.
3. Results and discussion
3, /. Polymerization ofanUbte
The exothermic oxidation o f aniline hydrochloride 
with APS proceeded in an aqueous medium (Scheme 1). 
The solutions of aniline hydrochloride end APS were 
mixed, a droplet of the reaction mixture was placed into the 
spectrophotometer, and the spectra were successively 
recorded. At the same time, the temperature was measured 
in the rest o f the mixture (Fig. 1). During the Induction 
period, the temperature o f the reaction mixture virtually 
docs not change. The ooloiiriess mixture becomes blue as 
oligomer cation-radical* are produced. H)e subsequent 
oxidative potymerization of aniline is cxothcimic. The 
temperature rises and the macroscopic PANI precipitate is 
produced at this stage in the reaction medium. The mixture 
becomes dark blue due to the presence o f die protonated 
pernigraniline form of PANI (Scheme 1). The temperature 
reaches its maximum, and the mixture changcs its colour as 
blue pemigraniline is converted in green emeraldine during 
the final stage o f polymerization [3]. Then the reaction 
mixture cools to room temperature.
Fig. I. Tanpoatuic profile during the MldMive polymerization of an Sine 
hydrochloride (0.2 M aniline hydrochloridc was oiidizsd wilh 0.25 
ammonium pooxydisulfac) |2], The naciiea n t  «Mied at mom 
temperature. -20  *C.
3.1. The spectra o f reaction components
The above process was simultaneously monitored by 
recording FTIR spectra. ATR spectroscopy is a contact 
sampling method in which a crystal of high refractive index 
is used as an internal reflection element. The electric field 
at the interface penetrates into the deposited sample, here a 
droplet of reaction mixture on a ZnSe crystal (Fig. 2), in the 
form of an evanescent field whose amplitude decays 
exponentially with distance from the interface.
Fig. 2. The growth o f polyanilinc Him at (tic interface between the 
polymerization mixture and ZnSe crystal was monitored in situ by  FTIR 
ftpectfWKOfty in ATR mode.
Before discussing the polymerization experiment, the 
spectra of die individual reaction components and by­
products dJsaolved in water at the corresponding 
concentrations were analyzed (Fig. 3). Strong broad bands 
at 1638 and 3400 cm reflect the presence o f water. 
Aniline hydrochloride at the concentration used for the 
polymerization is not visible in the spectrum at the 
beginning o f reaction, its absorption being overwhelmed by 
the absorption o f water. A weak broad band at 1277 cm 
and a sharp band at 1050 cm-1 are assigned to APS. 
Especially the latter peak is important for following the 
conversion o f  APS to ammonium sulfate (AS) (Scheme 1), 
characterized by a strong band at 1133 cm-1.
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Fig. 3. FTIR spectra o f ihc aqueous solutions o f aniline hydrochloride, 
Mnnmmm pcmaydisulfatc (Malting cumpuiiuits), anmnaiinn tulfate 
(a by-pmlocO, and of ihc stating and final faction mix (me The ipecui 
of thy piHyanilnw films deposited on ZnSe crystal recorded in ATR and 
inmmission mode« ate «horn at the top.
3.3. FUR spectra recorded during the polymerization
The evolution o f the spectra recorded during die 
oxidation of aniline hydrochloride is shown in Figure 4. It 
should be stressed that the ATR spectra reflect especially 
the structure of the medium close to die crystal surface. As 
the PANI film grows at the ZnSe crystal, the cflect o f water 
on the spectra becomes less marked. The presence of 
carbon dioxide and moisture in the optical path are 
responsible for the fuzzy appearance o f the spectrum taken 
at the start o f experiment.
Fig. 4. The evolution o f FTIR spectra during the polymerization o f aniline. 
The selected reaction tines (min:*) a n  Aown at Ihc spccda.
Λ very weak band at 1148 cm '1 and a shoulder at 1250 
cm '1 in the APS band of 127? cm-1 already appear after 
2:15 min, and they probably reflect the formation of aniline 
oligomers. The intensity o f the sharp band o f APS at 1050 
cm "1 remains unchanged. This means that APS has not yet 
been consumed m the polymerization o f aniline. The mass 
of a PANI film is very low. o f the order of μβ. and the
consequent reduction of reactant concentrations in the bulk 
is negligible. The most significant feature in the spectrum is 
a new strong band observed at 1133 cm-1, appearing after 
4:30 min, which corresponds to the formation o f 
ammonium sulfate. This is associated with die onset o f the 
polymerization in the bulk (Fig. 1).
The new bands increase and their positions change as 
surface polymerization takes place. The polymerization is 
known to proceed in the oxidized form o f  PAN], 
pemigraniline (Scheme 1), which is eventually reduced by 
the residual aniline monomer to produce the final product, 
emeraldine. In the visible part o f  the spectra, the bhic 
colour o f protonated pemigraniline is converted to green, 
corresponding to protonated emeraldine. This change is 
also reflected in the FTIR spectre. The intensity o f  the 
bands at 1575 and 1494 cm increases and, after 14:15 
min, these bands shifts to the lower wavcnumbcrs. After 
13:30 min, a new sharp peak at 1612 cm-'  appears. The 
peak observed at 1377 cm"1 disappear:! after 14:15 mm. 
The band observed at 1286 cm-1 shifts to 1307 cm*1 after 
4:30 min and then it remains at this position. At die same 
time band observed at 1252 cm '1 moves to 1242 c m 1, and 
its position does not change further. The band at 1133 cm*1 
transfers to 1148 cm '1 and its intensity dramatically 
increases during reaction. A broad shoulder al 1094 cm '1 of 
AS appears at the same time as the peak o f APS at 10S0 
cm '1 progressively disappears as APS is gradually 
consumed. All these changes arc connected with the 
formation o f a new PANI film growing on the surface o f 
the ZnSe crystal during the polymerization o f  aniline. The 
spcctni are interpreted in detail m Section 3.5.
During the polymerization reaction, the baseline o f the 
spectra measured after various time of the reaction undergo 
change. Those taken al later times show a broad ahsorption 
band at wavenumbero higher than 2000 cm'1, which is 
typical o f the conducting form of PANI (Fig. 3). This band 
is due to free charge-earner absorption in the doped 
polymer.
The changes in the spectra after 14:15 min are marginal, 
indicating that the polymerization has been completed. The 
experiment was terminated after 21:00 min.
3.4. Differential FTIR spectra recorded during 
polymerization
To delect the changes in the spectra in more detail, we 
have plotted the corresponding differences o f two 
consecutive spectre (Fig. 5); three siages can be 
distinguished. According to these spectra, the film grows 
on the crystal from the very beginning o f  the 
measurements, i.e., already during the induction period 
(Fig. 1) where no polymerization in the bulk takes place. 
This is an important conclusion: the surface polymerization 
precedes the polymerization in the whole volume.
New bands at 1619, 1569. 1503, 1377, 1307 and 1240 
cm"1, typical o f the pemigreniline form of PANI [12. 13]. 
gradually increase. The growing film is thin and 
transparent, so the peak o f APS at 1050 cm-1 is well 
observed. Al the same time the band at 1125 cm 1 increases
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corresponding 10 AS production from APS decomposition 
(Scheme 1).
Fig. 5. DMciences o f two consecutive FTIR spectra reced ed  at various 
stages of polymerization. The selected reaction times (irn is) are shown al 
Ihc spectral
The spectrum measured after 6:43 min has dramatically 
changed (Fig. S). We expect that al about this time 
precipitation polymerization starts in the bulk (Fig. 2). The 
growth of the film stops, but the film is still transparent to 
IR radiation. The negative differential peaks o f APS 
observed at 1250. I ISO and 1050 cm-1 signify that APS is 
gradually consumed during the precipitation polymer- 
' ization of aniline.
Al the time o f  11 JO  min, new peaks at 1610, 1487. 
1336 and 1164 cm"1 arise (Fig. S). The oxidant has become 
depleted and die pemigraniline is now icduccd by the 
residual aniline to the emeraldine form. This applies both to 
the film and to the precipitate. The growth o f a broad 
absorption band at wavenumbers higher than 2000 cm-1, 
typical o f the conducting form o f PANI, is clearly 
observed. The protonation is completed in the film 
measured at 14:15 min. No changes in the spectra could be 
observed afterwards.
3.5. The xpeclra ofproducts
In the spectrum taken after the final stages o f 
polymerization, we observe, in addition (o die PANI peaks, 
die bands o f water and a very small peak .at 1030 cm '1 
corresponding to residual APS (Fig. 3). Moreover, there is 
a broad shoulder at about 1094 cm '1, corresponding to AS 
(cf. the spectrum o f  aqueous AS solution in Fig. 3); AS is 
indeed expected to be present in the reaction mixture as a 
product of APS decomposition (Scheme I). These peaks 
have disappeared when the residual aqueous mixture was 
removed, and the crystal rinsed and dried. The spectrum 
recorded afterwards proves that there is a PANI film grown 
on the crystal aurfacc (Fig. 3).
The spectrum o f the dry PANI film exhibits mam peak* 
at 1568 and 1482 cm*1, corresponding to quinone and. 
benzene ring-stretching deformations, respectively (Fig. 3). 
The absorption band at 1308 cm '1 corresponds to u- 
electron delocalization induced in the polymer by 
protonation [14], The bond characteristic o f  the conducting 
protonated form is observed al 1232 cm '1 and is interpreted 
as a C-N** stretching vibration in the polaren structure 
[151- The prominent 1147 cm '1 band is assigned to a 
vibration mode o f the -N H "=  structure, which is formed 
during protonation [16|. The spectrum of PANI film 
deposited on the crystal has also been measured in the 
transmission mode (Fig. 3). The nearly identical spectra 
obtained with the ATR technique and in transmission mode 
prove that a perfect contact is made between the PAN] film 
and the Crystal surface, which is the most important fee tor 
in the ATR technique.
4. Conclusions
The polymerization o f aniline on the ZnSe crystal can be 
observed directly in the FTIR spectrophotometer. The 
growth o f the thin film produced by surface polymerization 
can be distinguished from the subsequent precipitation 
polymerization in the bulk o f the reaction mixture. The 
development o f PANI forms and the conversion of 
pernigramline to emeraldine structure at the end of 
polymerization are also well visible by FTIR technique.
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4.1.2. In-situ Polymerized Polyaniline Films. Preparation in Solutions 
of Hydrochloric, Sulfuric, or Phosphoric Acid [R2]
The oxidative polymerization of aniline with APS proceeding in the different 
acidic media was investigated. The oxidation reaction in hydrochloric acid described in 
[Rl] was compared with the polymerization in sulfuric and phosphoric acids. The 
progress of polymerization was studied in situ by the ATR FTIR spectroscopy. The 
influences of chloride, sulfate, and phosphate counter-ions on the initiation and progress 
of aniline polymerization were analyzed. It was shown that the evolutions of FTIR 
spectra were similar. The chemical processes occurring during the induction period, the 
polymerization in the pernigraniline form, and the conversion to emeraldine after 
polymerization, were all reflected in the spectra.
In addition, FTIR spectra of PANI films produced in situ on silicon during the 
oxidation of aniline in the presence of various acids were compared with the spectra of 
the corresponding bases. The FTIR spectra exhibit several absorption peaks, so called 
“H-peaks”, in the region of 3400-2800 cm-1. The influence of chloride, sulfate, and 
phosphate counter-ions on the shape and position of some of the peaks was noted. The 
peaks that reflect the organization of PANI chains within the film by hydrogen bonding 
involving secondary amine -N H - and protonated imine =NH+-  sites were found to be 
anion-sensitive.
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Pulyomline (PANI) was prepared by die oxidative pulymerizoliui o f  aniline hydnchknide and aniline Sulfate with ammonium pemxydisulfate 
in acidic aqueous medium. Aniline wus similarly oxidized in solution o f  phnspbimc «cid. Thin PANI films aie produced at the interfaces with the 
reaction mixture. The progress o f  polymerization and the PANI-film fumiatiai were monitoied in  silu  by Fourier transform infrared spectroscopy 
after depositing adroplet oflhe reaction mixtuie on aZnSeciystal. The influences o f  chloride, sulfate, and phosphate counter-ions an the initiation 
and pntgress o f aniline polymerization have been analysed.
l i e  spectra o f  die completed PANI films jrotonated with various acid« have been competed with the spectm o f the corresponding PAN I bases 
obtained after deprutunalbfg the films with ammonium hydroxide. The peaks in the legton 3400-2R0Ö cm *', so-called 11-peaks, have been 
analyzed in detail. The influence uf chloride, sulfate, and phosphate cuunler-iont on Ihe shape and position a f some o f  the peaks has been noled  
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Keyword»; Itolyanilinc; Conducting polymci; Ih n  film: Sdf-auemWy; Hydrogen bonding; FTIR speeds; AcUh
I .  I n t r o d u c t io n
Polyanilinc [ I J ]  (PANI) is one of the most studied 
conducting polymers due to its attractive physical, chemical, 
and material properties [3,4]. The fact that it exists in various 
forms dial differ in the doping level and in the degree of 
oxidation [S] is important for die potential applications of this 
polymer Only the green protonated emeraldine b conducting. It 
is convened to the emeraldine base, a blue non-conducting form 
of PANI, by die dcprotonation with hydroxides. The emeraldine 
form of PANI can also be roducod to a cot curt css leucoemcr· 
aldine, as well as oxidized to the pemigraniline. Polyaniline has 
good stability in air, even at elevated temperature [6], much 
better titan that o f other conducting polymers, like polyacety- 
lene [3,7].
The oxidation of aniline salts, or o f aniline in the presenccof 
various acids, yields PANI having various counter-ions. 
Hydrochloric acid solutions haw been widely reported in the
• Camapccdir.gainta. Fax: *42 296 809410.
E-mail address: tTchoviií (M. Trcfcová).
OOMMOM’S ·  sec Γηα nuncr4} 2005 Ebcvicr B.V. All righB rcttjvod. 
doi: 10.1016,'i.Bf2006.0S.03K
literature as a reaction medium and ammonium pcnwydisuUatc 
as an oxidant [1,2]. The product then contains both the chloride 
and hydrogen sulfine counter-ions originating from die reduc­
tion of peraxydisulfate [8-10]. The oxidation of aniline sulfate 
results in a chemically more uniform protonation and may be 
preferred in some cases. Finally, the phosphate counter-ions are 
o f good choice when considering the application o f PANI in the
corrosion protection of metals.
The recording of temperature [2,11] and pH [12,13] are 
cunently used for monitoring aniline oxidation. A new 
approach to the polymerization studies, the in-situ application 
o f Fourier transform infrared (FUR) spectroscopy, has recendy
been reported [ 14]. The present contribution extends die FTIR 
experiments to discuss whether the presence of various counter­
ions in the oxidation of aniline is reflected in the process of 
polymerization and the molecular structure of the products.
The oxidative polymerization o f aniline in aqueous acidic 
medium yields die PANI (emeraldine) salt. This sah precipitates 
from the reaction solution and it is also deposited as thin PANI 
films on surfaces immersed in the reaction mixture. The films 
have about 40-400 nm thickness, depending on reaction
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conditions [t 5], The in-situ polymerization o f  aniline is widely 
used for coating o f  all sorts of surfaces with a conducting 
over layer [16-18], The layers of PANI spontaneously formed 
on die surface of various materials have brush-like entering of 
macromoiecules [19]. This is die result of favourable interchain 
arrangement due to hydrogen bonding between iminc and 
amine nitrogens in adjacent macromoiecules [20],
Wu ct aL [21] have reported that PANI films grown on 
silicon display a set o f five peaks in absoiption FTIR spectra in 
the range o f 3400-2800 c m '1. These, so<a!lod “H-pcaks", 
were assigned to die hydrogen bonding between regularly 
aligned PANI chains. The presence of absoiption bands in tte 
region 3400-2800 c m '1 has been confirmed by independent 
preparation and FTIR characterization in various laboratories 
[22,23]. The effect of hydrogen bonding on sdf-asscmbiod 
PANI nanntubes has reccndy been discussed by Zhang et al. 
[23]. A more detailed study o f the organized polymer structure, 
based an die hydrogen bonding in conducting poly mas, has not 
yet been reported in the literature. The present paper describes 
die influence of chloride, sulfate, and phosphate counter-ions on 
die coursc o f aniline polymerization, as reflected in FTIR 
spectra. It is goal o f this study to test, which H-peaks are anion- 
sensitive.
2. Experimental details
2.1. In-situ FTIR spectra measurements
Aniline hydrochloride and aniline sulfate (Fhika, Switzer­
land) were oxidized with ammonium pcroxydisulfatc 
(Lachema, C zcch  Republic) in aqueous solutions. The reaction 
conditions corresponded to the oxidation of 02 M aniline with 
0.25 ammonium pcroxydisulfatc (APS) [2] in 0.2 M hydro­
chloric acid or 0.1 M sulfuric acid, respectively. Aniline 
phosphate is not commercially available and the oxidation of 
0.2 M aniline in 0.067 M phosphoric acid, which would 
correspond to equi molar proportions between the aniline and an 
acid, was too slow. A higher concentration of phosphoric acid, 
1.2 M, has thus been used to compensate for its less acidic 
character. A droplet of the reaction mixture, obtained by mixing 
die monomer and oxidant solutions, was placed on the surfacc 
of die ZnSe ciystal in all three eases [14], The transmission 
spectra o f the clean ZnSe crystal proved that there was no 
damage of the crystal caused by the polymerization of aniline. 
This may be explained by the protective properties of the 
growing PANI film toward the oxidation of the ciystal surfacc 
by die reaction mixture containing a strong oxidant
The attenuated total reflection (ATR) FTIR spectra were 
recorded in situ with a Broker IFS 55 EQUINOX FTIR 
spectrophotometer with doped lanthanum triglycinc sulfate 
detector in 45 s intctvals, collecting 30 scans per spectrum at 
4 cm"1 resolution. After the polymerization, the ZnSe crystal 
coated with a PANI film was rinsed with the corresponding acid 
solution to remove the adhering PANI precipitate and by­
products, followed by acctonc, and dried in air. The spectra o f 
the dry PANI film deposited on the ciystal were then recorded 
qgain in the reflection and transmission modes. The crystal was
cleaned with a dilute chromic acid (3 wt.% solution o f 
potassium dichromate in a 3 wt.% aqueous solution of sulfiiric 
acid).
2.2. Preparation and FTIR spectra c f polyamBne film s
Corresponding PANI films for studies of the hydrogen 
bonding have also been grown separately on silicon windows 
far FTIR transmission spectroscopic measurements. The 
windows were immersed at room temperature in the reaction 
mixture during the oxidation o f 0.2 M aniline with 0.25 M APS 
in 0.2 M hydrochloric, 0.1 M sulfiiric, or 1.2 M phosphoric 
adds. After 1 h, the supports coated with a PANI film [15] were 
rinsed with the corresponding add solution, acetone, and dried 
in air. FTIR spectra o f the films were recorded in the 
transmission mode with 64 scans per spectrum at 2 c m '1 
resolution. The spcctra were corrected for moisture and carbon 
dioxide in die optical path. The shapes o f die spectra o f  films 
grown on sil icon windows and on ZnSe crystal were vety dose. 
This proves that the ZnSe crystal is stable during the short 
exposure to the reaction mixture.
3 . Results and discussion
3.1. Polymerization c f aniline
The exothermic oxidation of aniline has been monitored by 
recording temperature changes (Fig. I). A detailed discussion of 
the mcchanism of PANI formation [24] and PANI-film growth 
[16] has been reported earlier An induction period is typical for 
the oxidation of aniline under strongly addic condition. During 
this stage, the temperature of reaction mixture practically does 
not changc. The colourless mixture becomes blue as oligomeric 
cation radicals are produced [5], The subsequent oxidative 
polymerization o f aniline is exothermic [2,11], Temperature 
rises and a macroscopic PANI precipitate is produced at this 
stage. The mixture becomes deep blue due to the presence of the 
protonated pemigraniline [5,24] (Scheme I). The temperature
Fig. I. Tcmpctmuc profJc during ihc otidalfc-c potym rizaiai o f aniline in 
aqueous medům in die prcscncc o f hydrochloric, sulfuric, or phosphoric acid. 
The reaction was started at 20 T .
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readies its maximum, and the mixture changcs its colour as the 
blue pemigraniline is converted to the green protonated 
emeraldine in the final stage of polymerization [24],
Polyanilinc films produced on glass surfaces immersed in the 
reaction mixture during the oxidative polymerization o f aniline 
have been studied with respect to their thickness and 
morphology [16,19], It has been suggested that aniline 
oligomers adsorbed at the substrate surfacc start and promote 
the chain growth [15], This happens before die midcation starts 
in die whole volume of the solution. Consequently, the growth 
of PANI film at the surfacc precedes the formation o f PANI 
precipitate in the bulk [25], The PANI chains constituting the 
film preferentially grow perpendicularly to the support. Such 
mechanism has also been proposed for the electrochemical 
preparation of films [26,27], It was anticipated that the FTIR 
spectra recorded in situ during die polymerization o f aniline 
could contribute to a better understanding of this process.
32. ATR FTIR spectra o f reaction components and products
Before discussing die evolution o f FTIR spectra during the 
polymerization of aniline, die initial conditions and the spectra 
o f die final products are briefly reviewed for the polymerization
of aniline sulfate (Fig. 2). ATR spectroscopy is a contact 
sampling method in which acrystal o f a high refractive index is 
used as an internal reflection element A strong broad band at 
1638 cm-1 (Fig. 2) in the spectrum of the starting mixture 
reflect! the presence o f water. A weak broad band at 1277 cm "1 
and a sharp bond at 1050 cm“ 1 belong to APS. Aniline sulfate is 
not visible in the spectrum at the beginning of reaction, its 
absoiption being overwhelmed by die absoiption of water. 
Carbon dioxide and moisture are responsible for the fuzzy 
appcaiance of the spectrum at the start of experiment
The spectra recorded after die polymerization corresponded 
to protonated PANI constituting die film deposited on the 
crystal. They ore little affected by the residual aqueous mixture 
present above the film, bccause the film restricts the penetration 
of IR radiation into the solution. This is illustrated by the
similarity of this spectrum and the spcctium of a dry PANI film 
measured later in the transmission mode (Fig. 2). The nearly 
identical spectra o f dry films obtained with die ATR technique 
and in the transmission mode also prove perfect contact 
between die film and die crystal surface, which is the most 
important factor in the ATR technique. This is not surprising 
because die PANI film grows directly an the crystal.
The spectrum of a dry PANI-sulfate film exhibits main peaks 
at 1568 and 1482 cm"1 corresponding to quinane and benzene 
ring-stretching deformations, respectivdy (Fig. 2). The ahsoip- 
tion band at 1308 cm"1 corresponds to π-dcclran dcbcaliza· 
tion induced in the polymer by protonation [2ft], The band 
characteristic o f die conducting protonated form is observed at 
1232 cm"1 and it is interpreted as a C-N '* stretching vibration 
in the polaren structure [29], The prominent 1147 c m '1 band 
has been assigned to a vibration mode of the -NH‘— structure, 
which is formed during die protonation of iminc sites [30].
3.3. The evolution o f FTIR spectra during the polymerization o f  
aniline sulfate
The evolution o f the spectra recorded during the oxidation of 
aniline sulfate is shown in Fig. 3. The first visible changcs are 
observed immcdiatdy after the beg inning o f  the reaction. A new 
strong band observed at 1130 cm*1 appears after 3:00 min, 
which corresponds to the formation of ammonium sulfate (AS) 
originating from the reduction o f APS (Schcmc I). A very weak 
band at 1120 c m '1 and a shoulder at 12S3 c m 1, close to the 
APS band at 1277 c m '1, are observed. These bands are 
probably connected with the formation of oligomers in die 
reaction mixture. The intensity of die sharp band of APS at 
1050 c m '1 remains nearly unchanged. This means that APS is 
not yet consumed during die induction period in the oxidation of 
aniline; the mass of die PANI film is very low, and die
Fig. 2. FTIR spectra o f  Ihc stalling mixture and o f lie  (feat produet fonnod «  a 
ZnSe ciystal during the iihu/m potymcrizstica o f aniline sulfite, the spccta of 
the components in the icaction mixture ia water {ammonium sulfite, AS; 
amnuMiium pcioxydi&ulfatc, APS; and aniline sulfite in acidic aqueous 
medium}, and the spectra of the final coated ciystal with a PANI filmmeaiurcd 
by the ATR technique and in tiansmb&ion.
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Ffe.3. FT® jpcctia of tkc reaction mixture at varioitt timcs(min)ofPANI film 
fnnueica (hiring the ut-xitv polymcrimtioQof aniline nil&te on a ZríSe crystal, 
■mauedby the ATR in Baled spcctmccpic Cchniquc.
consequent reduction of reactant concentrations in the whole 
volume is negligible.
Other changcs observed in the spcctra after 4:30 min 
correspond to the midcotion o f die growing PANI film. New 
weak bands situated at 1S73, 1497 and 1376 c m '1 have 
appeared and, in die region of the APS band at 1277 cm ' \  the 
doublet at 1282 and 1250 cm "1 can he observed. The intensities 
of these new bands increase, and their positions slighdy shift 
during die oxidative polymerization. The bands corresponding 
to water and solutes are suppressed by die absorption o f the 
PANI film growing on the ZnSe ciystal.
The mteimediate product in die proccss of aniline poly­
merization is pcfnigranilinc, the fully-oxidized fomt o f  PANI 
(Scheme 1). Pemigraniline is subsequently reduced to emcr- 
aldine by the rest o f die monomer in the reaction mixture. The 
characteristic pedes of pernigranilinc, the band at 1376 c m '1 
and the higher ratio o f die intensities o f die bands at 1600 and 
1500 c m '1 [31,32], are observed in the spcctra after 6:00 min 
from die beginning o f  die reaction. The pemigraniline character 
of spectra is observed until 7 JO min. Then the pernigranilinc is 
reduced to emeraldine. The ratio of the intensities of the bands 
at I600and 1500cm"1 decreases and the band at 1376 c m '1 
vanishes. The intensities of the bands at 1310, 1247, and 
1143 c m '1 increase simultaneously. These bands arc assigned 
to die vibration mode o f the -N H '— structure, which 
corresponds to the protonated PANI [33]. The polymerisation 
on the surfacc of die crystal is completed at 10:30 min (Figs. I 
and 3). After that time, the spectra arc virtually identical and do 
not changc any more as die polymerization of aniline and film 
growth have been completed.
3.4. Oxidation o f aniline hydrochloride and o f aniline in 
phosphoric add
In analogy to that of aniline sulfate, the spcctrum o f aniline 
hydrochloride solution (Fig. 4, the start o f reaction) is 
featureless. Four weak bonds can be observed in the spectrum 
of aniline dissolved in phosphoric acid (Fig. 5) at 1157, 1074,
Wavonumbors, cm'
Fig. 4. FTTR spcctra a t the reaction mixture Λ  varta» times (min) of PANI film 
formation during the in-iihi polymerization of aniline hydrochloric os a ZhSc 
crystal measured n ATR mode
1007, and 940 c m '1. These bands are overlapped by bands 
corresponding id  AS and the reaction intermediates.
The changes in die spectra observed during the polymer­
isation o f aniline chloride and aniline phosphate arc very 
similar to the changes observed during the polymerization o f 
aniline sulfate discussed above. There arc small differences in 
the positions o f hands due to the presence o f  the various acids. 
The three processes have comparable rates of polymerization 
(Fig. 1). This is die result of the higher, \ 2  M, concentration 
o f phosphoric acid which was used to compensate the less 
acidic character o f the latter acid.
In die polymerization of aniline hydrochloride, we have 
observed a weak band at 1145 c m '1 and a shoulder an die APS 
band at 1254 c m '1 at 2:15 min, which corresponds to the 
formation o f oligomeis. The same changcs appear in the first 
spectrum during die polymerisation of aniline in phosphoric 
acid, only the weak band is shifted to 1164 c m ''. The band at 
1050 c m '1 of APS is practically unchanged in die first stages of 
polymerizations; in the ease o f  polymerization o f  aniline
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Fig. 6. FTIRspcctaof ihc icwftisg B\M films on ZnSceiystal obtained during 
the in-situ polymciiaation of aniline in the presaaccofvarioittác ids measured in 
ATR mode.
hydrochloride up to 7 JO min and in the case o f polymerisation 
o f aniline phosphate up to 3:45 min.
The band observed at 1135 cm"1 and assigned to the AS, a 
by-product o f the polymerisation, hecomcs pronounced after 
4 JO min of polymerisation of aniline hydrochloridc and after 
3:00 min of that of aniline in phosphoric acid, respectively. 
Nuclcation of polymer chains is distinguishable in the FTIR 
spcctra from 4:30 min o f polymerisation of aniline hydro­
chloride and after 3:30 min of the polymerization o f aniline 
phoqihatc after the beginning of the reaction. In both cases, the 
bands at 1572, 1500, and 1379 c m '1, and the shoulders at I2ftl 
and 1254 cm-1 arc found in the spcctra. The spectra 
caiTcspanding to pemigraniline are observed in the interval 
6:45-9:45 min for die polymerisation of aniline hydrochloride 
andbetween3:45and4J0min in a solution of phosphoric acid. 
This corresponds to the cxothennic period of polymerization
(Re· i)·
The changcs in die spectra, which reflect the final reduction 
of pemigraniline to emeraldine salt by residual monomer, are 
similar in all three eases under investigation. The ratio o f the 
intensities o f die bands observed at about 1600 and 1500 cm- 1 
dccreascsand the bandt at 1312,1247, and 1145 cm"1 became 
more pronounced. The polymerization of aniline hydrochloride 
was finished after 1630 min, that of aniline phosphate after 
7 JO min, and the spectra have not changed any more.
3.3. The ATR spectra o f films
After polymerisation, die ZnSe ciystal was rinsed with a 
solution of the corresponding acid. The PANI film deposited on 
the crystal was left to diy. The spcctra were then rccoidcd by the 
ATR inftared spectroscopy (Fig. 6). All three types of films 
hove Vectra typical of PAM doped with the relevant acid, 
described many times in die literature [33 -35]. The spectra o f 
the films prepared in the presence o f sulfiiric and phosphoric 
acids differ from the spectrum of PANI hydrochloride in some 
aspects [36]. As it has been shown in [37] the growth of the 
polymerbadcbone can be modified by the surrounding reagents.
The side-reactions randomly affect die quinonoid or die 
bcnzcnoid segments, thus constandy changing the backbone 
chain linkage during PANI syndicsis. In the spcctra of PANI 
phosphate and sulfate we also observe bands connected with die 
presence of the protonating acid. A broad band in the spectrum 
o f PANI sulfate, corresponding to the sulfate anion, is situated at
1050 c m '1, and that of the phosphate eountcr-ion, at about 
1008 cm-1. As expected, the spectrum o f die PANI hydro­
chloride does not include any specific band concspanding to the 
chloride counter-ion, which is not detectable in FTIR spectra.
3.6. H-peaks in r t f  FTIR spectra o f PANI film s
In many published spectra, one can observe peaks in the 
region 3400-2800 c m '1 which are partly masked by the 
extended absorption tail o f the protonated PANI. They have 
been called as H-peaks [21] because they were proposed to 
reflect mainly the hydrogen bonding. The assignment of die 
individual peaks has been proposed in die literature (Tabic 1); 
the aromatic C-H stretching vibrations may also appear in this 
region. We have noticed the presence o f these peaks in the 
spcctra o f the final films growth on a ZnSe crystal. The different 
spectroscopic techniques used for variously prepared samples 
have also induded the transmission measurements o f films 
deposited on silicon wafers, the ATR mode applied to films 
grown on polyethylene supports, and reflection from films 
prepared on gold mirrors; they all confirmed the presence of 
these peaks in the spectra o f the PANI films [22].
To study die influence of chloride, sulfate, and phosphate 
counter-ions on the positions of die H-pcaks in die FTIR 
spectra, and their influence on die self-assembling of PANI 
chains, we have grown die PANI hydrochloridc, PANI sulfate, 
and PANI phosphate films separately an silicon Wafa’s. The 
region of the H-pcaks is shown in detail in Fig. 7. The five peaks 
are located at about 3250 (anion-sensitive), 3150,3065, double 
peak 2996-2928 (two maxima, anion-sensitive), and 
2848 c m '1. They qiproximately correspond to the wavenum­
bers reported by Wu et al., 3240, 3154, 3064, 2975, and 
2840 c m '1 [21], for similar PANI films.
Table I
The assignment o f  the pcalu in fcc region 3400-2800 cm"1 of flic ftpocna of 
PAM fibns
Wave cumber 
(cm*1)
Occur foies Assignment Referent«
33B6 PAM haw NH stretching 120.34,3.1.42]
3150 PANI uh NH «  =NH *- stretching. [21.33.14,421
ttbondcd
3150 PAM salt -NH* ~  stretching. 121.34)
Hbondcd,
or=NH terminal group |33]
3065 PAN! salt and C-H stretching 00 ammatic 121.34.41]
h*c ring
2996 PAM sdt C-H stretching oa aromatic HI.1
ring
or NHJ group 134.42]
21MB PAM sah C-H stretching oa anaiatic H U
ling
or NH? group 134.42]
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Fjg. 7. Spcctn of PANtutB films dcpo&icd cm s íta »  wafers measured in 
tmsmiuiai mode in the region o f  H-pcalcs.
The absoiption hands in the region 3400-2800 c m '1 
connected with nitrogen-containing gmups, the secondary 
amine -N H - and protonated imine -N H '= ,  reflect the 
organisation o f PANI chains within the film by hydrogen 
bonding involving these groups [21], The organization o f PANI 
chains in films in the direction peipcndicular to the support has 
recently been proposed [16,21] and studied by FTIR spectro­
scopy [19], Thermal depro to nation and the stability of such 
prepared films have been assessed by using the latter technique 
[36], It is known that the -NH ‘=  group has a diffuse band of 
saddling vihratkuis with rcduccd frequencies, which may be 
composed of several local maxima [38], In the case of strong 
hydrogen bonding, the -N H - stretching band may be 
composed of equidistant peaks [38],
After PANI films had been treated with an alkali, the green 
conducting emeraldine form converted to the blue non­
conducting emeraldine base (Scheme 2). In the spcctra o f 
PANI bases in the region of the H-peáks (Fig. 8), we observe 
small peaks with a very similar shape os in the spcctra of the 
PANI salt. They are located at 338«, 3266, 3069, 2926, and 
2854 cm" ’. Indeed, these absoiption peaks remain unchanged 
during the healing o f protonated films to 120 °C when thermal 
deprotanation occurs [22]. Some o f the peaks observed in the 
spectra of PANI salts disappeared after chemical conversion of 
the films to the bases (the peaks at 3150 and 2996 cm "'). It has 
been proposed that dcprntonation leads to the destruction of the 
inter-chain hydrogen bonding [39,40], Ihc shape and the 
relative intensity of the peaks, which arc anion-sensitive, arc 
influenced hy the nature of the anions present in die spectra o f 
the films in the salt form (Fig. 8). The positions of H-pcaks in 
the FTIR spcctra o f PANI bases are close to those observed in 
PANI salts. It seems that the film structure and chain 
organization have preserved after dcprotonation.
Some remarks have to be devoted to the peaks observed 
below 3000 cm" \  where C H  stretching vibrations of die alkyl 
group usually appear (Table I). It has been suggested by 
Hatchett er al. [41] that die strctching vibration of the C-H  
group in the benzene ring, occurring in the region of 3100- 
3000 cm"',  may shift to lower wavcnumbcis a lia  polymcriza-
Sdianc 2. Polyanilinc sal reads wth ammonium hydroxide to proditcc PANI 
tasc and tic  conuposding ammonium salt A* is an arbinaiy mcoovatan 
anion.
tion. This is due to a change in the ring elecnon-density. In 
protonated PANI films, diese bands gained intensity with a 
small shift in peak positions, showing the strengthening of C-H 
bonds in the benzene rings after protonation of neighbouring 
imine groups.
4. Conclusions
M  IK ATR spectroscopy is demonstrated lo be an efficient 
tool for die study of the polymerization o f aniline and the 
formation of PANI film on ZnSe crystal. The evolutions o f 
FTIR spectra recorded in situ during the oxidation of aniline 
hydrochloride, aniline sulfate, or aniline in 1.2 M phosphoric 
acid arc similar. The chemical processes occurring during the 
induction period, the polymerization in the pemigraniline form, 
and the conversion to emeraldine after polymerization, aie all 
reflected in the spectra.
FTIR spcctra o f PANI films produced In siru on silicon 
during die oxidation of aniline in die presence of various acids 
have been compared with the spectra o f the corresponding 
bases. The FUR spectra exhibit several absoiption peaks, so 
called "H-pcaks”, in the region o f3400-2800 c m '1. The peaks 
that reflect die organization o f PANI chains within the film by
Wavenumbers, cm'1
Fig. R. Spccta of ihc films of PAM bases dcpo&ited on sflicon wafos measured 
in taiHiALMion mode in the n sim  ofH-pc^s.
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4.1.3. Polyaniline Nanotubes: Conditions of Formation [R3]
The courses of aniline oxidation with APS in aqueous solutions of strong 
(sulfuric) or weak (acetic) acids were followed by temperature and acidity changes. The 
morphology of final products was compared. The molecular structure of the products 
was investigated by the FTIR spectroscopy. The differences between the spectra reflect 
the variations of molecular structure, which leads to the different morphology of PANI.
The ammonium salts obtained after deprotonation of PANI by ammonium 
hydroxide were investigated by the FTIR spectroscopy. FTIR spectra showed that the 
salts were represented by ammonium sulfate, regardless of the acetic acid concentration 
used in the synthesis. There was not even a trace of acetate counter-ions detected in 
PANI. The resulting PANI is thus protonated only by sulfuric acid produced by 
decomposition of an oxidant, APS.
Polymerization in sulfuric acid led to the granular morphology. PANI prepared 
in the presence of acetic acidorjn  waterjs produced mainly as nanotubes. PANI bases 
obtained after deprotonation of samples prepared in the solution of acetic acid and in 
water had similar FTIR spectra. The spectrum of the PANI base corresponding to the 
PANI prepared in strong acid is different. This means that the molecular structure of 
PANI prepared under mildly acidic conditions was different from the samples prepared 
in solutions of strong acids. Characteristic bands in the spectra of PANI prepared in 
acetic acid are known from the spectra of the aromatic oligomers or can be connected 
with the presence of the sulfonic groups on the aromatic rings. The ring sulfonation and 
the formation of oligomer species in acetic acid could be responsible for the differences 
between the molecular structures of PANI prepared in strong and weak acid.
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Abstract: The courses o f aniline oxidation w ith am m onium  pcraxydisuKatc in  aqueous solutions of strong 
(sulfuiic) and  in  weak (acctic) acids, followed by tem perature and acidity changcs, a re  diflercnt. In 
solutions o f  sulfuric acid, g ranular polyaniline (PANI) was produced; in  solutions of acetic acid, PANI 
nanotubes mere obtained. The external d iam eter o f  th e  nanotubes was 100-300a m , the internal cavity 
20-100nm , and th e  length extended to  several m icrom ctrce. T he morphology o f  PANI, g ranular o r  tubular, 
depends on th e  acidity conditions during th e  reaction  ra th er th an  on th e  chem ical nature o f the  a d d . PANI 
nanotubes were also produced when aniline was oxidized in  th e  absence o f any acid. T he bulk conductivity 
o f PANI prepared in  solutions of acctic acid was 0.OS-O.27Scm-1, depending on th e  acid concentration.
Protonatcd  PANI prepared in  sulfuric and  acetic acids were deprotonatcd with am m onium  hydroxide 
to  obtain PANI bases aad  th e  am m onium  salt of the proton at ing acid. FT IR  spectroscopy showed the 
differences in the m olecular structure  of the PANI bases. Irrespective o f w hether the polym erization 
was perform ed in  solutions o f sulfuric o r  acctic acid, PANI had hydrogen sulfate counter-ions only.
The PANI morphology is thus not controlled by the nature of counter-ions. T he acidity o f the  reaction 
m edium  determ ines the protonation of m onom er, oligomer and polym er species. The chem istry o f aniline 
oxidation is likely to  be affected especially by the protonation o f  an  interm ediate in  the pernigraniline form.
It is proposed th a t, in  the course of «"■!■■■« oxidation, pH -dcpcndent self-assembly of aniline oligomers 
predeterm ines the final PANI morphology.
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INTRODUCTION
Conducting-polymer nanotubes hove recently become 
the object of numerous investigations because of the 
potentially interesting electrical properties conferred 
to polymer morphology produced at the nano-scale 
level. The understanding of the principles of nanotube 
formation and knowledge of the factors that control 
the nanotubular morphology constitute a challenge.
There are three approaches to the preparation of 
conducting polymer nanotubes. The first, pioneered 
by Martin mo/.,1·3 uses a membrane with holes 
produced by, for example, heavy-ion bombardment as 
a template for the polymerization. Poly aniline (PANI) 
or polypyrrole is then grown hi situ on the surface 
of the pores (Fig. 1(a)).3· 7 After mechanical abrasion 
of membrane surfaces, followed by dissolution of die 
membrane body, conducting polymer nanotubes are 
obtained.
The reverse method uses suitable rod-like objects 
as templates for the polymerization and growth 
of polymer films (Fig. 1(b)), followed by template
dissolution. It is helpful if the template is negatively 
charged8 to attract positively charged aniline or pyrrole 
monomers. This technique has been illustrated by 
the polymerization of pyrrole on rods produced by 
pyrrole and £-naphthalenesuIfonic acid complex.9 
The coating of sulfonated carbon nanotubes10 and cf 
polymer nanofibres11 ·12 with PANI serves as additional 
examples.
The last approach is based on the polymerization 
of aniline in the absence of templates of fixed mor­
phology. Aniline is oxidized in acidic aqueous medium 
as a rule. It has been proposed that acids present in 
the reaction mixture or, more precisely, micelles or 
assemblies produced by their salts with aniline a n  
as 'sofť templates.15-18 The polymerization at tem­
plate interfaces would give rise to PANI nanotubes, 
perhaps in a similar manner as polymerization at 
macroscopic liquid-liquid interfaces produces PANI 
nanowires.19·20 Wan et al.17 observed the formation 
of PANI nanotubes when aniline was oxidized in 
solutions of hydroxycarboxylic acids. The authors
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stressed the role of hydroxy groups in stabilizing 
the nanotubular structure by hydrogen bonding. The 
polymerizations of aniline in the presence of naph­
thalenes ulfonic acids,15·2122 camphorsulfonic acid,16 
2~acrylamido-2-methyi-l-propanesulfonic acid23 or 
sulfooty-terminated dendrons24 have all led to PANI 
nanotubes. Nanotubes were obtained even in the pres­
ence of inorganic adds.14 It thus seems that nanotubes 
can be prepared in a solution of virtually any acid.
Although the concept of micellar templates is 
attractive to explain the formation of nanotubes, it 
can easily be criticized. The existence of cylindrical 
template micelles has been assumed but their presence 
has never been proved. The observed inner diameter 
of the nanotubes raises some questions, too. It is found 
tobe typically in the range 10-120nm.l6'>7,za This is 
a much larger value than the diameter of the potential 
micelles produced by aniline salts, unless they were 
considerably swollen with aniline base. Some authors 
therefore talk about polymerization without any shape- 
guiding template25 or templateless polymerization13-26 
without specifying the tubular growth mechanism.
In the present study, we have selected aqueous 
solutions of acetic acid to be a medium for the 
polymerization of aniline. We demonstrate that PANI 
nanotubes are produced under conditions where 
potential template micelles can hardly be present.
EXPERIMENTAL 
Preparation of PANI
0.2molL-1 aniline was oxidized with 0.25molL-1 
ammonium peroxydisulfate27 in an aqueous medium 
of 0-0.8m olL-1 acetic acid and in 0.1 molL-1 
sulfuric acid at room temperature. On the following 
day the precipitated PANI was collected on a filter, 
rinsed with a corresponding solution of add, and dried 
over silica gel.
Part of the protonated PANI was deprotonated 
with excess 1 mol L-1 ammonium hydroxide, and the 
resulting PANI base was again dried. The supernatant 
solutions of ammonium hydroxide containing the 
ammonium salt of the original protonating acid were
32
separated and evaporated, and the ammonium salts 
were collected and dried.
Characterization
Infrared spectra in the range 400-4000 cm-1 were 
recorded at 64 scans per spectrum at 2 cm-1 
resolution using a fully computerized Thermo Nicolet 
NEXUS 870 F Ü R  spectrometer with a DTGS TEC 
detector. Measurements of the powdered samples 
were performed ex situ in the traasmissionjnode in 
.KBr pellets. Spectra of the corresponding liquid acetic 
acid were measured by an attenuated total reflectance 
(ATR) technique on a ZnSe ciystal. All spectra were 
corrected for the presence of moisture and carbon 
dioxide in die optical path.
Conductivity was determined by a four-point van 
der Pauw method on PANI powders which had 
been compressed into pellets 13 mm in diameter and 
~  1 mm thick using a Keithley 237 high-voltage source 
measurement unit and a Keithley 2010 multimeter 
equipped with a 200O-SCAN10 channel scanner card.
RESULTS AND DISCUSSION
In order to prepare PANI as a material having 
a good level of electrical conductivity, sufficient 
acidity of the reaction medium is essential. In most 
experiments, the molar ratio of add to aniline has 
been at least equal to unity and an excess of add 
has often been used.26' 30 A granular morphology 
of PANI has invariably been observed under such 
conditions.26·30·31 
Low concentrations of adds have usually been 
avoided because the conductivity of PANI becomes 
reduced29 from 10° to 10-2 Scm~1. On die other 
hand, studies reporting the formation of PANI 
nanotubes have used an acid-to-aniline molar ratio 
lower than unity.14·16·20·22·24 Wang « a /.32 added 
sodium hydroxide to the reaction mixture to reduce the 
acidity, and nanotubes were also produced in that case. 
We thus decided to investigate the polymerization 
of aniline under both strongly and mildly acidic 
conditions, in .solutions of strong and weak acids, 
espe dally with respect to the course of polymerization 
and the produced morphology. The results are 
compared with the polymerization of aniline in the 
absence of any added add.
The course of polymerization
The oxidation of aniline with ammonium peroxydisul- 
fate (Fig. 2) is exothermic and its conrse is easily 
followed by monitoring the reaction temperature.27J3 
As the aniline mole culěT^rřčhained'into”PANI, the 
hydrogens from the amino group of aniline and from 
the para positions of benzene rings are released as 
protons, as sulfiiric add. Consequently, the acid­
ity of the reaction mixture also increases during 
polymerization34 and can be recorded to assess the 
progress of reaction.
Pohm lnt 55:31-39 (2006)
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T io e (f)
Figur· 3. Chan gee in tanperatu» (acparas) and acidity (drdee) 
dirhg axidetbn of 02  moi L~' aniline with 0.25molL-1 ammonium 
peraxydieulfote In 0.1 mol L_1 auifurto add.
Polymerization m a strong add 
When 0.2molL-1 aniline was oxidized with ammo­
nium peraxydisuliate at an equimoLir concentration 
of nilfiiric acid, we observed a so-called induction 
period, where the temperature of the reaction mix­
ture stayed almost constant or increased only slighdy 
(Fig. 3). This phase was followed by the exothermic 
process, attributed to aniline polymerization, which 
was manifested by the increase in temperature. The 
pH decreased from the very beginning of the reaction, 
indicating that same chemical processes took place 
during the induction period. The exothermic poly­
merization was linked to a^o p ^ in p H i as expected. 
The last drop in pH, observed after the temperature 
had reached its maximum, could be connected with 
the conversion of the pemigraniline to the emeraldine 
form of PANI. It should be stressed that all reac­
tion processes took place at pH < 2.5, and they were 
completed in 14 min.
Polymerization m a tueak aeid 
When polymerization was conducted with an equiva­
lent concentration of acetic acid, the polymerization 
pattern was different. The temperature started to 
increase from the very beginning of the reaction, but 
then the temperature increase slowed down and then
Ume (i)
Figure 4. Change· h  temperature (equates) and acidity (ciicba)
during oxidation of 0.2molL~1enilinewilh0.25molL~, ammonium 
panxydisuilate in 02moi L-1 acetic acid.
Figur· 5. Change· h  temperature (squares) and acidity (ciiclee) 
during the axidaflem of 0.2 mol L_1 aniline with 0.26 molL-1 
ammonium peroKydiaulfsta h  water.
increased again in the next stage (Fig. 4). Two exother­
mic processes obviously followed in succession. The 
reaction started at pH 5, acetic acid beingmuch weaker 
than sulfuric acid. As the oxidation proceeded, the pH 
foil below 2, as sulfuric add had been produced by 
the decomposition of peroxydiiulfate, and hydrogens 
were removed as protons from aniline. On the acidity 
curve we can also distinguish two subsequent phases. 
During the first one, the addity reduction tended to 
level ofij and then during the second exothermic oxi­
dation process it dropped again. The reaction was over 
in 38 min.
Polymerization with no add
The oxidative polymerization of aniline in the absence 
of any add is the most interesting case. The two 
exothermic oxidation phases were well separated 
(Fig. 5). It seems that, in the first step, the aniline 
became exhausted by the formation of oligomers 
(Fig. 6). The reactionstppped for the foil owing reason: 
with the exception of the terminal amine group, 
the intermediate pemigraniline structure?8·35 was not 
protonated at pH 3-4  in the reaction medium (Fig. 5),
Pciym lrtt 55:31-39 (2006)
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Figures. Growth of RANI chains in the pemigraniline form. At moderato acidity (pH »  3) the pemigraniline Is not protonated (rHhthe p oeaU · 
ettceptton of the terminal amine group). The protonstion takes place at pH < 2 and producee caüarvradioale along thschaln.
because the protonation of pemigraniline only tains 
place in more acidic media,3* i.e. pH < 2. There is 
only a single unpaired electron at the growing end 
of the PANI chain (Fig. 6). The pemigraniline chain 
contains a system of conjugated double bonds. The 
impaired electron at the end of the molecule becomes 
more and more delocalized along the chain as the 
degree of polymerization increases. That is why it 
soon loses its reactivity, and die polymerization stops 
at the oligomer stage. This is a general feature of all 
conjugated polymers and that is why most of them 
have a low molecular weight.
When the pH of the reaction mixture gradually 
reached a value where pemigraniline started to 
be protonated, the concentration of electrons with 
unpaired spins on pemigraniline chains dramatically 
increased (Fig. 6). The unpaired electrons at the 
end of oligomer molecules became re-localized and, 
because of that, were re-activated so that they could 
again participate in polymerization reactions. As there 
seemed to be no aniline monomer available any more, 
die existing aniline oligomers were likely to be coupled 
into longer polymer chains. This mechanism may 
account for the often-observed bimodal distribution of 
molecular weights in PANI. In contrast, in a solution 
of sulfiiric add, once the pemigraniline had been 
produced, it was directly protonated because the pH 
was suffidendy low.
The polymerization in the absence of add took 
29min (Fig. 5), i.e. it was considerably faster than 
in solutions of acetic acid, which took 38 min. We 
observed generally that the addition of strong add 
to water accelerated the oxidation reaction but the 
presence of a weak add made the oxidation process 
slower. The initial pH ofaniline solution in the absence 
of add was 8 (pH 5 in 0.2molL-1 acetic add) and 
the terminal value was dose to 1 (pH 2 in 0.2 mol L-1 
acetic add). This means that acetic add acted as a
sort of not very efficient buffer, and narrowed the pH 
range in which the oxidation takes place.
The course of aniline oxidation is different in 
solutions of strong and weak adds. We propose that 
the kinetics of polymerization is controlled by the 
acidity level and its changes during the polymerization, 
rather than by the chemical nature of die a ciď The 
pH level is likely to control (a) the protonation of 
anilin* to an anilinium cation, (b) the protonation 
of the terminal amine group in the aniline oligomer 
and (c) the pemigraniline structures produced during 
polymerization (Fig. 6). It is obvious that the reactivity 
of the protonated and non-protonated forms will be 
different, and their oxidation may lead to different 
products at various reaction rates.
Morphology
Polymerization in sulfuric add led to the granular 
morphology (Fig. 7) that has often been reported in 
the literature.30-31 The presence of PANI nanotubes 
was observed in all the products prepared in solutions 
of acetic add (Fig. 8). A granular PANI predpitate, 
i.e. a ηοα-tubuiar morphology, was also present in the 
samples to some extent Nanotubes of 100-300nm 
diameter were produced, regardless of the acetic 
add concentration (0-0.8m olL-1). The diameter 
within a single nanotube was relatively uniform but 
various nanotubes had different thicknesses. Some of 
the nanotubes were several micrometres longs others 
were shoner than 0.3 μιη. It should be mentioned 
that the nanotubular morphology was preserved after 
depiotonation of PANI to the corresponding base, 
i.e. it was not dependent on the presence of an add 
protonatingPANI. A similar observation has also been 
reported for PANI nanowires.37
The rich variety of PANI structures prepared, 
in 0.5 mal L-1 acetic add is better visualised on 
TEM micrographs (Fig. 9) and may be the result
fblym It» 5S:31 -3 9  (2006)
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Figure 7. SEM microgt1ph crf PANI pl&pared ln 0.1 rroll -1 eulfuric 
acld. 
of the acidity conditions that chaDQC in the course 
of anilíne oxidation. Two-thirds of the sainple Vl"aS 
constituted by nanotuber., the rest by a sranular 
precípitate. The c<1vities in tbe mmotubes were easily 
vísible (FJ.....in. 9 and 10) . The inner diameter dilfered 
substantírilly lllDOll,S the individua) nanotubes, in the 
r~ 20-lOOnm, but it was relatively constant 
wíthin indiv-idlllll nanotubes. Some nanotubes had 
no discernible carity (Figs 9(d) and 11) and could 
rather be regarded 11r. nanorods. Such nauostructures 
have also been reported in tbe radiolytíc synthesis of 
PANI to accompan}' PANI nanov.'Íres.2" As a matter 
of interest, some objects resemblíni? hollow spheres 
were also observed in the present samples (FÍ8'. 9(e)), 
ar. v.-ell as in the líterature.15•26 Polymerization on 
the surfuce of aniline droplets has been oftered as im 
explanatíon.15 Alternath•ely, such objects could be the 
result of an interfecia1 polymerization of aniline on 
oxygen mícrobubbles:38 produced as by-products in 
the decomposítion reactions of peroxydisulfilte. 
PANI nanotubc:s: conditions of formsti..m 
(al 
(b) 
Fíguni 8. SEM mlcrographe of PANI p1&pared ln (a) 0.2 mel L -1 and 
(b) O.Smd L - 1 acetlc acld. 
The most important observation is that nanotubes 
were generated even in tbe absence of any added scid 
(F!B. 12). The qualíty of the nanotubes wu inferior 
Fi1JU111 I>. TEM ml.?rogreph of PANI &lruc1urea prepared afler 0.2 mel L-' anlllnewae ooldlzed ..,. lth 0.2&mo1L-1 ammonlum percw.ydlsullalB h 
O.Smol L -• aoetic: 11cld al 20•C. The pioduclB cmlllhed PAN! nsnotubee '1\111h SJC.temal diemet.ar ca 100-SOO rrn . The Interna! diameter va-led from 
(e) 100nm to (b) 40rrn an::t (o) 20rm. There11--ere al!lo nenoromwlthout anycavlty (d). 9omespheroel cbjeclS ~411ao prMent (e). 
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Figure 1 O. A PANI nenolube. 
Figure 11. A PANI nenorod. 
compared wíth those prepared in acetic acid solutíons. 
On doser inspection, the SEM mícrographs su._i;r;gest 
the presence of PANI sheets (Fig. 12), of thickness 
15D-200nm. Similar sheets or fiakes were obser\'ed 
by Cheng et. a/.24 when the polymerization of aniline 
was carried out at low content of organic acid. 
There seems to be a link between the course 
of polymerizatíon and the supramolecular P ANI 
morphology that is produced. lt is difficult to imagine 
any monomer micelles that would produce a template 
for the polymerization of aniline in solutions of acetlc 
acid. On the other hand, aniline oligomers produced in 
the early stases of the polymerization are hydrophobic. 
They may aQ:l!:l'egate to oonstitute a template-like 
structure that further predetennines the dírectional 
8fO"i'l-th of PANI. Again, once theybecome protonated 
at low pH, their hydrophobicity ís reduced and 
they become soluble in the reactíon medium. This 
may result in 11. lower ext:ent and altered procedure 
for oligomer aQ:l!:l'egation and, oonsequently, in the 
chane,e in the produced morphology. Thls ooncept 
m;;iy explain why organízed nrmotubular structures are 
obtained 11tlower acidity, and disordered granular ones 
at high acidity of the reaction medium. 
Protonation of PAN! 
Other imponant questions are whether acetic acid 
constitutes a part ofthe PANI nanotubes and whether 
it may affect the produced morphology. DurinB' 
oxidation of aniline with ammonium pero.tydisulfute, 
Figure 12. SEM mlcrographe of PANI p113pered ln theebee~ ofeny 
ad;jed acld. 
sulfuríc acid ís produced as a by-product (Fig. 2). 
lts concentration is not neBliBible: from 0.25 mo!L -I 
concentration of an oxidont, 0.25 mol L -J sulfuric11cid 
is produced ;;it 10-0 % oonversíon of aniline ínto P ANI, 
which ís practically achieved in the experiment. 27 Such 
an amount of strong acíd is able to protonate PANI 
fully,29,39 as O.l mol L-1 sulfuric acid ís sufficíent to 
provkle al! hydroi;ren sulfate counter-ions The FfIR 
spectra of all protonated PANI are símilar (F~. 13), 
which susgests the.t 1111 samples of PANI are protonated 
in approxímetely the same way. 
More detailed infonnation is obtained after deproto-
natlon of PANI with ammonium hydroxide (Fig. 14). 
ln the present case, the ammoníum salts obtaíned by 
evaporation of ammonium hydroxide emacts could be 
either ammoníum sulfate or anunoníum aceta te. FfIR 
spectra (Fig. 15) show that the salts were anunoníum 
sulfate, resardless ofthe acetíc ncid concentration used 
in the synthesis. There was not even a trace of acetate 
counter-ions detected ín PANI. 
The fact that hydrogen sulfate counter-ions 'ň'ere 
present ín PANI is ín accordance with infonnation 
!Pven ín the litera ture. Wang et al. :'12 obsef\'ed that the 
nmmonia solution used for the deprotonation of PANI 
gave a whíte precipitate with bariurn chloride. This 
pro>ed the pre~ence of sulfate ions in PANI. When 
polymerizntlon of anilíne was performed ín solutions of 
citric acid, the cítric counter-íons were not detected in 
R.>l.wn lm 55:31-39 (2006) 
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Wavenumber cm'1
Figure 13. FTIR epectia of PANI preps led In solutions of aoetb acid 
of vartou· concentrator». Tha spectrum of acetic acid b ehown at 
ttie top tor th» comparison.
PANI.29 Other carboxyiic acids, however, constituted 
a pan of protonated PANI.17 Whether, and to what 
extent, the sulfuric acid produced in the reaction oould 
compete with other adds for the protonation of PANI 
would depend on the individual strength and structure 
of the adds.
PANI structure and properties 
PANI bases obtained after deprotonation of samples 
prepared in solutions of acetic acid and in water have 
similar FTIR spectra (Fig. 16). It has to be stressed 
that the spectrum of the PANI base corresponding 
to the PANI prepared in a strong add, 0.1 mol L-1 
sulfuric add, is different (Fig. 17). This means that the 
molecular structure of PANI prepared under mildly 
addic conditions was different from that of samples
Wavenumber cm'1
Figure 15. FUR spectra of ammonium aalte obtained after 
deprotcnatlon of PANI samples prepared in aolutbna of acetic acid.
The epectia of arnmonUn aoetate (top) and ammonium sulfate 
(bottom) art shown for comparison.
prepared in solutions of strong acids. The spectrum 
of the PANI base prepared in die presence of sulfuric 
acid is similar to that reported in the literature.40' 43 
Characteristic bands in the spectra of PANI prepared 
in acetic add, observed in addition to the typical 
bands ofPANI base, aie at 1446,1412,1040,796 and 
693cm-1 (Fig. 17).Thebandsatl446andl412cm -> η  
are related to mixed C -C  stretching, and C-H  and 
C -N  bending vibrations observed in the spectra of 
the aromatic oligomers.30,41 The peak at 1040cm-1 
is possibly due to the S = 0  stretching vibration and 
suggests the presence of sulfonic groups on the 
aromatic rings.44 These groups could result from 
peroxydisulfate radical attack of the benzene rings. 
The bands at 754 and 699 cm-1 are characteristic 
of mono-substituted aromatic rings which are located
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Wavenumber cm'
F lg in  17. FTIR qjectia of PAN) beam oorreepcnding to PANI 
prepared In0.1 molL"’ Mitüifc add, hO ^m eH .-1 acetic acid, end h  
water without any added aoid. Th· bands typical of l ie  products 
prepared inweak acids and hw atorare marked byeirewa.
at chain ends. Their observation thus indicates the 
presence of shart-chain oligomers.30
The variations in molecular structure are reflected 
in the conductivity. PANI prepared in the absence of
JS
added add had a conductivity of0.083Scm-1. As die 
concentration of acetic acid in the mixture increased 
from 0.05 mol L_1 to O.BmolL-1, the conductivity of 
PANI increased from 0.12 to 0.27 S cm-1. These data 
are comparable with die results reported for PANI 
nanotubes prepared in solutions of camphorsulfonic 
acid.16 Their conductivity in a compressed pellet 
was 0.03 S cm-1 but the conductivity of a single 
nanotube was three orders of magnitude higher. The 
conductivity of PANI prepared in sulfuric add  was 
1.6Scm-1. Since, as we have learned, all samples 
are protonated with hydrogen sulfate counter-ions, 
the structure of PANI chains has to be structurally 
different as suggested by FTIR spectra.
Some indication of die ring sulfonation also comes 
from the results of elemental analysis. The theoretical 
composition of PANI base (Fig. 14) is 79.5 % C,
5.0 % H and 15.3 % N.27 While die PANI base 
prepared in 0.8 mol L"1 acetic add had 64.4% C,
5.0 % H, 13.7 % N  and 3.1 % S, the synthesis 
in 0.8molL-1 sulfuric acid yielded a base with a 
composition 67.0 9b C, 4.8 % H, 12.5 % N  and 1.9 % 
S. The most obvious difference b  in the sulfur content, 
i.e. in the content of sulfo groups on the PANI chain. 
The interaction between the sulfo and imine groups 
in the individual chains may affect the supramolecular 
morphology. Also, die presence of oxygen suggested 
by elemental analysis may be important and its role 
has practically never been discussed in the literature.
Concluding remarks
Thin PANI films grow at virtually any surface 
in contact with the reaction mixture.2815 It is 
assumed that aniline oligomers are adsorbed at the 
interface, their reactivity being increased as a result 
of altered electron-density distribution caused by 
adsorption.46·47 The polymer chains growing from 
these oligomers produce a film with a brush-like 
chain-ordering morphology.47 It has recendy been 
proposed that the formation of colloidal parades by 
conducting polymers may have the same origin,48'4* an 
adsorption of aniline oligomers on the steric stabilizer 
present in the reaction mixture. This concept can 
be extended to the polymerization at liquid-liquid 
interface that produces nanofibres; it was suggested 
that the formation of nanofibres is not determined 
by the interface but more likely by the nature of 
the oxidative polymerization of aniline.50 Indeed, the 
growth of nanowires from a liquid-liquid interface 
resembles the growth of the film at the solid-liquid 
interface. The formation of nanotubes is likely to be 
governed by similar principles, based on the adsorption 
of oligomers at available interfaces. In the case cf 
nanotubes, such interfaces could be provided by 
oligomer aggregates produced in the eady stages of 
aniline oxidation. A simple model thus has to be sought 
that could account for the formation of thin films, 
colloidal particles, nanowires, nanofibres, nanorods, 
nanotubes, and related morphologies produced by 
conducting polymers.
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4.1.4. Evolution of Polyaniline Nanotubes: the Oxidation of Aniline 
in Water [R4]
The experiment complementary to the in situ ATR measurement [RI, R2], was 
based on the termination the oxidation of aniline in various stages of polymerization.
The aniline oxidation with APS in water, without any added acid, was chosen as the 
simplest system from the chemical point of view including just two reactants and no 
other component. The interruption of the reaction at various times allowed us to follow ? 
the development of the products morphology during the polymerization. The 
intermediates of this reaction were separated in two forms, a precipitate and films 
grown on silicon windows. Molecular weight and its distributions were measured by the 
gel-permeation chromatography and the elemental composition of reaction 
intermediates was determined. The development of the morphology was followed by 
the optical microscopy and the TEM and SEM micrographs of the final products were 
taken. The molecular structure of the intermediates and final products was investigated 
by the FTIR spectroscopy.
The methods used for the sample characterization reflected the link between the 
course of polymerization and the genesis of nanotubular structures. The GPC, FTIR and 
optical microscopy detected the formation of different type of products in the first and 
second exothermic phase of the reaction. The FTIR spectra of the intermediates 
separated at various stages of oxidations contained several interesting features. The 
presence of the phenazine-like units and other aniline oligomers together with the 
considerable sulfonation of the PANI chains was detected in the spectra. We proposed 
that the phenazinium units predetermined the growth of the nanotubes. The sulfonation 
of the chains may lead to the internal, intra- or intermolecular, protonation and may help 
to stabilize the produced structures by internal protonation.
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Evolution of Polyaniline Nanotubes: The Oxidation of Aniline in Water
The course o f  amlinp oxidation with ammonium peroxydisulfate in aqueous solutions has been investigated. 
The reaction u rn  terminated at various times and die intermediates collected. Besides die precipitates, the 
win« deposited in situ on silicon windows have also been studied. The kinetic course o f polymerization is 
controlled by the acidity level, which changes during the polymerization from pH S to a final value close to 
pH 1. It has two distinct exothermic phases. Gel-penneatioa chromatography indicates that aniline oligomers 
are produced at first at high pH, while polyaniline follows after the pH becomes sufficiently low. The growth 
o f polyaniline nanotubes was observed by optical microscopy and confirmed by electron microscopy. The
molecular structure o f the reaction intermediates was studied in detail by FTIR spectroscopy. Oxidation products 
are markedly sulfonated, and they contain phenazine units. Aniline oUgomeis are more soluble in chloroform 
than the polymer fraction, which contains nanotubes.
Introduction
Polyaniline (PANI) is one of the most investigated conducting 
polymen. It is prepared easily by the oxidation of aniline in 
aqueous medium (Figure 1). The reaction itself seems to be 
simple, yet it represents interplay of complex multilevel 
processes. Various supramolecular structures of the final product 
are obtained, depending on the conditions of the reaction, but 
the mechanism of their formation has not yet been elucidated. 
When »nil™ is oxidized in an acidic aqueous medium with 
ammonium peroxydisulfate, a PANI precipitate is produced.1·3 
The blue pemigraniline form present during the polymerization 
converts to a green protonated emeraldine at the end of die 
polymerization.5-’ The reaction is exothermic and yields, in 
addition to PAN! sulfuric acid as a byproduct The progress of 
polymerization thus can be followed in situ by recording either 
die temperature5-1 or the pH.9"0 Qpen-circuit potential measure- 
mwin“ l a  and UV— visible spectroscopy'^4 may be examples 
of other methods used for the same purpose. The progress of 
the chemical polymerization of aniline has newly been moni­
tored in situ by ÁTR FTIR spectroscopy.”
Another group of techniques .suitable to reflect the course of 
polymerization is based on the isolation of the reaction 
intermediates and their ex situ characterization. Ilie oxidative 
polymerization of aniline with peroxydisulfate in dilute solutions 
of perchloric or hydrochloric acid of various concentrations was 
studied by Neoh et a l :i The products thus obtained at various 
reaction times during the course of polymerization haw been 
characterized by FTIR and X-ray photoelectron spectroscopies.
The growth of PANI films on glass has been investigated by 
using UV-visible spectroscopy.17 Studies of the development 
of morphology, however, are still missing.
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FignTC 1. O xidation  o f  aniline w ith  am m onium  p e ra y d is id & te  in  
« a te r  yields PA N I hydrogen sulfate. Pare  addition o f  constitutional 
un its  i i  s h n m  h u t the  ortho addition can  also be im portant. Sulfuric 
acid and  am m onium  sulfate am  byproducts.
It has been reported recently that die courses o f aniline 
oxidation with ammonium peroxydisulfate in aqueous solutions 
of strong (sulfuric) or weak (acetic) acids, followed by tem­
perature and pH changes, are substantially different.13 In 
solutions of sulfuric acid granular PANI was produced: in 
solutions of acetic acid, PANI nanotubes were obtained. The 
morphology of PANI, granular or tubular, depends on die acidity 
conditions during the reaction rather than on the chemical 
structure of die acid.13 The understanding of the principles of 
nanotnbe formation and knowledge of die factors that control 
the nanotubular morphology constitute a challenge.
It has been demonstrated by Gospodinova et aL* that the 
polymerization of anilin» also proceeds well in water, without 
any added acid, when ammonium peroxydisulfate was used as 
an oxidant. Such a system is the simplest from the chemical 
point of view because it includes just two reactants and no other 
component and is thus well suited for fundamental studies o f 
aniline oxidation. The sulfbric acid produced by the decomposi­
tion of peroxydisulfate (Figure 1) gradually provides the
2006 American Chemical Society 
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necessary acidity, and the final PANI is protonated with this 
acidll,u Although the conductivity of PANI thus prepared is 
rather low,19 ~1(H  S cm-1, die observed nanotiibular morphol­
ogy of die products19 makes .such a system of substantial interest.
In the present paper, we analyze the course of aniline 
oxidation with ammonium peroxydisulfate in aqueous solutions 
in die absence of any added acid, as it is observed by 
temperature and pH measurement. The oxidation reaction was 
terminated at various stages, and the molecular structure and 
morphology of the reaction intermediates have been assessed 
Both PANI films deposited on .silicon windows and the 
accompanying PANI precipitates have been collected and 
characterized The molecular structure of die products of aniline 
polymerization was studied by FTIR spectroscopy. The mac- 
romotecular parameters, like molecular weights and their 
distributions, were checked by gel-perateation chromatography. 
Finally, the evolution of supramolecular structure, that is, of 
the PANI nanotubes formed during aniline oxidation, has been 
followed by optical microscopy and confiimed by electron 
microscopy.
Experimental Section
Sample Preparation. Aniline (0.2 M) was oxidized with 
ammonium peroxydisulfate (0.23 M) in water. Solutions of 
monomer and oxidant dissolved in water were mixed at room 
temperature to start the oxidation. The reaction mixture was 
quickly poured over silicon windows, that are used in FTIR 
spectroscopy (26 mm in diameter), placed in Petti dishes. The 
1 windows were slightly lifted on a support so that the reaction 
mixture had access nfGodTthe top and bottom sides. After a 
specified time, selected on the basis of die preliminary deter­
mination of die course of polymerization, the silicon windows 
were removed from the mixture. The oxidation reaction was 
stopped by rinsing the PANI films deposited on the windows 
withwater, which removed both aniline and oxidant. The films 
wérTďned in air. After FTIR spectroscopic characterization, 
the windows were immersed in 1 M ammonium hydroxide to 
convert protonated intermediate forms to die corresponding 
bases, and FTIR spectra were again recorded
The residual reaction mixture left after the removal of silicon 
windows was poured at the same time into excess of 1 M 
ammonium hydioxide to stop the polymerization. The precipitate 
was quickly collected on a filter, thus separated from the residual 
monomer and oxidant, and also dried in air. Selected samples 
have been suspended in chloroform fór 24 h and the soluble 
and intolnble fractions have been separated
FTIR Spectroscopy. Infrared spectra in the range of 400- 
4000 cm-1 were recorded at 64 scans per spectrum at 2 cm-1 
resolution using a fully computerized Thermo Nicolet NEXUS 
870 FTIR Spectrometer with a DTGS TEC detector. The spectra 
of thin films deposited on silicon substrates were measured in 
the transmission mode. An absorption subtraction technique was 
applied to remove the spectral features of the silicon. FTIR 
spectra of powders were recorded ex situ in the transmission 
mode, after dispersion of die samples in potassium-bromide 
pellets. Hie spectra were corrected for the presence of carbon 
dioxide and water vapor in the optical path.
Microscopy. A reseaich-grade Leica DM LM Microscope 
equipped with a 50x Olympus objective lenses has been used 
for optical microscopy. Scanning electron micrographs have 
been taken with a JEOL 6400 microscope, transmission 
microscopy with a JEOL JEM 2000 FX.
Gcl-Penneation Chromatography (GPQ. Molecular weights 
were assessed by a GPC/SEC using a 8 x 600 mm PLMixedB
Time, min
figur· 2. Ctungas in tmppqture (top, sqmw) and acidity (bottom, 
diamonds) during th· oxidation of 0.2 M aniline with 0.25 M 
ammonium paraxydisulfxt· in water. l in n  an Rio ruction phases: 
tha fint starts after mixing du reactants at nma t =  0, the second after 
f=  17-21 mm The tinu] of sample collections are mailed by men’s.
column (Polymer Laboratories, UK.) operating with jV-meth- 
ytpyrrolidone and calibrated nidi polystyrene standards with 
spectrophotometric detection at the wavelength of 630 run. The 
samples were dissolved in jV-methyipyrrohdone containing 0.025 
g cm- * triethanolamine for deprotonation of PANI, and 0.005 
g cm"3 lithium bromide to prevent aggregation.
Results
Course of Polymerization. The oxidation of aniline with 
ammonium peroxydisulfate is exothermic and its course is 
followed easily by monitoring the reaction temperature.2·6 As 
aniline molecules are chained to produce PAM, die hydrogen 
atoms from the amino groups and from the benzene rings of 
the aniline are released in the form of protons, as sulfiiric acid 
(Figure 1). Consequently, the pH of the reaction mixture 
decreases during the polymerization and can be recorded to 
assess the progress of reaction.9
The oxidative polymerization of aniline in the absence of any 
acid has been studied recently.10 Unlike the oxidation in acid 
media, where an athennal induction period is followed by 
exothermic polymerization, two exothermic oxidation phases 
are well separated in water (Figure 2). The acidity of the 
medium, and die consequent protonation of die monomer and 
reaction intermediates, seem to be responsible for the existence 
of two reaction steps. In the beginning of the reaction, at pH > 
4, aniline exists as a neutral molecule and is easily attacked by 
an oxidant This is manifested by the fast increase in the 
temperature (Figure 2). At pH < 4, aniline it protonated to 
aniliniinn cation and the reaction mechanism changes. The 
oxidation then proceeds as in strong acids; an induction period 
is observed followed by the exothennic polymerization of 
aniline.
Morphology. The polymerization of aniline in solutions of 
sulfuric acid has invariably lead to the granular motpfaology 
that has often been reported in the literature.11 Polyaniline 
prepared in the presence of acetic acid has been produced mainly 
as nanotubes1'  accompanied by a globular precipitate; the
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nanotubes wm produced, evm in the abseoce of any acid Here, 
we haire iDvestigated the genesis of such nanotubular struc:tures. 
During tbe oxidation of anilioe beginaing in neutra! media, 
we ha\'e obsen"d the e\•olution ofthe wam-insoluble produm 
of the reaction. The si.licon windows were placed into the 
reaction mi."tture and remo\'ed at various srages of aniline 
oxidation. The oxidation products, deposited on the l\indows, 
have been srudied by optical microscopy (Figures 3 and 4). 
There is a linl: between the course of polj'lllfrization and the 
supramolecular morphology produced at various times. The 
products obtained in the fint stages of ani.line oxidation, after 
2-8 min, are composed mostly of CJj'StŮS, which are obviously 
iDsoluble in water, ha\'Íng the siu of several micrometers 
(Figure 3, left). They grow to trees (dewlrimers) with branches 
of tens of micrometers in length, after the reaction time of 13 
min (Figure 3, right) . Brown granular objecu several microme-
ters in síze are also presmt. On the window removed at r = 17 
min, we observed, in addition to tbe grannlar precipitate, the 
first nanotubes growing on tbe top side of the \\indow. Later, 
at t = 29 min, ollly the UJIJ'e'lolved structure is found on the top 
side of tbe \\indO\liS, as a result of precipitate sedimenration 
(Figure 4, left). On the bottom side of silicon 'l\'Índows, we ha\oe 
ob~ed the fonnation of nanotubes (Figure 4, right). Their 
occurrence increued at longer times of reaction. 
The presence of nanotube.s is confirmed by tran~mission 
electron microscopy (Figure 5), which shows the intemal ca\ity 
of tbe nanoru~ in tbe fí.nal precipitated product of pol~'lller­
ization (t = 33 min). The nanotubes extend often to a few 
micrometers. tbeir merual diameter bein~ ca. 200 nm and 
íntemal dimeter of the cavity ca. 20 nm. Ňanorods of similar 
morphology, but without a cavity. have also been detected in 
the samples, and occasionally a nanosphere was spotted in the 
micrographs. Some nanosheers .seem to be accompanying 
nanotubes (Figures 5 and 6) and, ofcourse, a P&~precipitate 
of undefmed mo1phology is also foUild in the final product. 
Molttnlar Wtights. GPC :reveals that ~ reaction intemiedi-
ates can be divided into two distinct groups. Ail of the samples 
separated before t < 17 min, that is, produced by the oxidation 
of neutral ani.lioe, have a molecular-weight dimtbution símilar 
to that shown for t = 2 min (Figure 7a). This corresponds to 
oligomers ha\ing the weight-average molecular weight M„. = 
5000-6000 (Table 1). Ali of the products obtained at longer 
times, when the oxidation of anilinium cations has tal:en place, 
have bimodal distributions resembling that shown in Figure ia 
for the reaction time t = 33 min. This is reflected in a bigh 
polydispersity index, Mir>1M. (Table). This means that oligomers 
are produced at the first stllge of reactioa, and polymers in the 
second. The average molecularweight of the po~'lller part could 
be estimated as .'I>,!„ = 40 OOťr-70 000. \Ve conclude that, at 
highe:r pH (lower acidity, Figure 2, bottom), oligomeric products 
are obtained Ollly at lower pH < 2 (at high acidity) are 
polymeric products produced in addition to the oligomm 
originated e1rlier. 
We have also determined tbe distributions of tbe molecular 
weigbts of tbe chloroform-soluble and chloroform-insoluble 
fractions of the final product (Figure 7b). The soluble portion 
contains mainly oligomeis. The fractioo imoluble in chloroform 
has a pol)'llleric cbaracter, but it also contains an oligomeric 
pan, which is either entrapped in tbe polymer or due to the 
CI)"Ualliution became insoluble. This agam leads us to conclude 
that the oligomers are produced at the beginning of oxidation 
and the polymers in i~ advanced stage. 
Sulfonation of Polyaniline. There is practically no differeoce 
in the elemental compositions of the iDtmnediates. There is, 
howe\·er, a notable amount of sulfur, 5-6 \\1 %, pre.~ent in tbe 
samples (Table). The observed contmt of sulfur corresponds 
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Figure!-, Naootub<!s (•) ai-e pi-e:sent aloo.g "ith 1W101t><ls (b), JWJ.Osphei-es (c), nanoshoets (cl), md objed:s ofunn!"-><>h·ed morpho!o~· in tli~ .fhal 
product of pol)merization (r = 33 min). 
Figuro 6. Polyaniline nauotubes as ob-.en."Od by""~ electr= mÍCW'..cQP}'.10 llw =s.h.,.ts, 2D all.i!logy of llill>Ol'Olls, ;icrowpany tbe nanotube' 
iu the Ílll.i!l product of polymeriz.ation (r = 33 min). 
to approximately one sulfonale group per five nitrogeus, that 
is, five aniline constitutional unit;. Such a degree of sulfonation 
should ha ve a marked effect on the properties of the P Al'll, 
and could accouut for the reduced conductivity of such P .AJ.~ 
in rhe protonated state.~2 The sulfonation is typical of oxidacion 
product; prepared in the preience of weal acids or in the 
absence of any acid.10 It has to be stre>sed that the samples are 
PANI bases, and the sulfur cannot come from the hydrogen 
mlfate couuterion; (Figw-e 1) associated wíth ímine nitro gen s, 
and it has to be mainly in covalently bouud sulfonate groups. 
When tbe polymerization has been carried out in solutiom of 
strong ~cids, the PM\l: bases contained only OJ \\1 % of sulfur.Z 
The sulfonation of benzene rings is therefore offered a; a 
plamible e.'tplan:ition for tbe pmence of sulfur in P A.l'il. 
Because the sulfur content in the intcrruediates obtained at the 
different reaction times is approlCimately comtant (Table), ít 
seem5 that the aniline monomer aud low-molecular-weigbt 
oligomers, rather then the completed pol}lller, become sul-
fonated by iníeraction with ammonium peroll:ydisulfate or it1 
derived radicak The propo;ed aniline sulfonatiou would lead 
to a mixture of aniline with sulfanilic ( 4-aniline1ulfouic acid) 
and orthanilic acid (2-anilinesulfonic acid). Therefore, tbe 
follo\\ing proces.~ can be assumed to be a copolymerization of 
aniline with such sulfouic acids. 23 However . competitive 5Ul-
fonation oflow-molecular-weigbt oligomers cannot be ruled oul 
For example, in the case of aniline dimer, 4-aminodiphenyl-
amine, its 1,4-diamiuo-substituted benzene ring is more reac-
tive toward electrophilic aromatic substitution reaction, a 
sulfonation, than the mono-amino-sub1tituted benzene ring. It 
can reasonably be expected that sulfonation of aniline trimers , 
tetramers, aod so forth, leads mainly to products with tbe 
.sulfonated amline-oligomer head {a benzene ring with pr:imary 
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amino group). Such aniline-.sulfouated oligomen can also be 
copolymerized with aniline and other aniline oligomen in the 
reaction mixture.
FTIR Spectra. Ihe molecular smiccure of the products 
arising during oxidation of aniline in water was studied by the 
FTIR .spectroscopy. We have analyzed first die as-prepared 
samples deposited on silicon windows at various times after 
the beginning of the reaction (Figuře S). The .spectra can be 
divided into two groups. The intensity of the absoiption is very 
small far die samples obtained in the first stage of aniline 
oxidation (t < 17 min) (Figure 2) and later it increased 
dramatically as die thickness of the films grew. The shape of
Wavenumbers, cm'
H g n n  9 . FT IR  spectra o f  the  precipitated reaction  interm ediates 
collected after tim e r.
the spectra changed, too. The products obtained in the second 
stage of the reaction show high absoiption in die region above 
2000 cm-1.
We haw also analyzed the .spectra of the samples deposited 
on .silicon windows after immersion in 1 M ammonium 
hydroxide, that is the deprotonated forms, and the spectra of 
coire.sponding powders obtained as precipitates. The spectra of 
samples deposited on silicon windows are very .similar to the 
spectra of the comsponding powders; therefore, only die latter 
spectra are discussed (Figure 9). They can also be divided into 
two groups with an intermediate .spectrum recorded for the 
sample isolated at i=  17 min. In the early stages of the reaction 
(r < 17 min), they are more .similar to those of aniline oligomers.
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Fig ure  10 . F U R  spectra o f  fractions soluble and  insoluble in
chloroform  after ex trjction  o f  m ten n ed u ta  collected a t I  =  33 m in  
and com parison w ith  the  typical spectra o f  th e  f in t  and  second group 
o f  piu d uca  (o ligom en and  polym ers) collected afte r  t — 8 aa d  21 min.
For longer time;, the spectra resemble those of standard PANI22 
with some additional peaks marked by dashed lines in Figure 
9.
The FTIR. spectra of chloroform-soluble and chloroform- 
insohible fractions of precipitated reaction intermediates col­
lected at f =  33 min were compared with the typical spectra of 
the first and second group of products (Figure 10). One can see 
that the spectrum of die soluble fraction is very close to that of 
the aniline oligomer intermediate obtained at short reaction time, 
r=  8 min, while the spectrum of the insoluble fraction is similar 
to that of the final product of die polymerization reaction. 
Additional peaks are still present in the spectra of the insoluble 
part bnt they have a lower intensity. This observation will be 
discussed later.
Discussion Based on FTIR Spectroscopy
Spectroscopic Evidence of Sulfonation. The sulfonate SOT 
groups attached to the aromatic rings have been identified by 
die absorption peaks at 1040, 695, and 617 cnT* in all of the 
I spectra34 (Figure 9). These bands correspond, consecutively, to 
the S” 0 . S-O . and S -C  stretching vibration modes. The 
1 presenceof these Sands mthe spectraof alkali-treated samples 
confirms that sulfo-groups are covalently bound to die reaction 
intennediates during reaction. The aniline molecule and low- 
molecular-weight aniline oligomers, available in sufficient 
amount in the reaction mixture in the early stage of polymer­
ization (at pH 4 -8 , Figure 2), are much more suitable for 
electrophilic attack than the anilinium cation and protonated 
aniline oligomers, and can thus be .sulfonated. Additionally, die 
sulfonate group is likely to force the chain out of planarity,3’ 
inducing changes in the product conformation and in this way 
to reduce conjugation in the PANI chain. The conductivity of 
sulfonated PANI is indeed at least 2 orders o f magnitude lower 
compared with common PANI.5 We suppose that a broad band 
^  at 1144 cm-1 may be due to the asymmetric stretching vibration 
I ofthesuíčbnate group, and the band at 1108 cm- :  is attributed 
to the sulfate-ion stretching vibration.34
In die FTIR spectra of all the products obtained at short 
reaction times, one can observe two relatively strong bands with 
maxima at 3267 and 3200 cm-1 (only the spectrum of the 
sample obtained after 8 min is shown in Figure 10). They are 
less pronounced in the spectra of samples collected at longer 
times, t  > 17 min (ontv die spectrum of the final product is 
shown in Figure 10). They could be assigned to tenninal primary 
amine groups, but, considering the GPC data (Table), they are 
not likely to be present to a discernible extent. These tends 
have often been assigned to different types of intre- and 
intennolecular hydrogen-bonded N -H  stretching vibrations of 
secondary amines, N -H —N. We also assume the presence of 
intramolecular hydrogen bonding in N -H —O, where the 
oxygen belongs to the sulfonate group.37-31 The broad peak at 
3182 cm-1 has also been repotted to reflect the presence of an 
intennolecular hydrogen bonding to imine groups.12 The bands 
due to secondary amine stretching at 3460 cm*1 and imine 
stretching361431 at 3370 cm-1 are vety broad, and weaker than 
bands appearing at ~32i7 and 3200 cm-1.
Internal Protonation. The sulfonation of PANI units1 !J4 may 
lead to internal, intramolecular or intennolecular, interaction 
between sulfonate groups and neighboring imine sites in PANI 
chains.21 It is obvious that interactions of this type might help 
to stabilize supramolecular structures produced by PANI. As 
we expect to analyze the spectra o f products converted to the 
base form, there are indeed indications for reluctance of die 
polymer toward deprotonation. The future of internal proto- 
nation of die products isolated at longer times of polymerization, 
t>  17 min, is well manifested by the shape o f the spectra above 
2000 cm-1 (Figure 10).
All of the spectra contain the band at 1347 cm-1 of medium 
intensity, which is not expected to appear in die spectrum of 
undoped PANI (Figure 9). Cases et a l11 assigned die band at 
1547 cm-1 to semi-quinonoid rings, and Boyer et ai.M reported 
the band at 1558 cm-1 for the enwraMim· salt, with the proposed 
assignment of C“ C stretching and C -H  deformation vibrations 
. in a semi-qninone structure. A strong and broad band observed 
Í at 1144 cm-1 is reported to be a band of a conducting PANI,
' associated with a high degree of electron delocalization in 
protonated PANI,1M audit is also interpreted as a B -  NH- B
or Q=NH+- B  stretching mode11 (B denotes a benzene ring, Q 
is a quinonoid ring in PANI chain, c£ Figure 1).
Phenazine-Iike Units. In the spectra of the present samples 
we have observed a set of bands corresponding to phenazine- 
like units (Figure 11). The presence of phenazinium structures 
in the structure of aniline oxidation products is not surprising. 
The phenazine rings are produced in chains containing both the 
ortho and jun-a-linked aniline constitutional nnits. These are 
likely to be produced especially at low acidity- of the reaction 
medium43 at pH 4 -8 . They can constitute either branching sites 
(Figure 11a) or end-groups (Figure lib). The band at 1623 
cm-1, with die shoulder at ~1630 cm-1, is observed clearly in 
the spectra of the products obtained for f < 21 min, and for 
longer times they become overlapped with the band at 1582 
cm-1. We suppose that these modes correspond to C—C 
stretching vibration in a phenazine-like segment,41 including a 
contribution from C—N stretching vibrations.3*-43 The spectrum 
of phenazine itself shows the band at 1627 cm-1. The band at 
~1600 cm- ' is well observed only in the spectra of products 
isolated at f < 17 min. This absoiption, corresponding to a C -C  
benzene ring-stretching vibration, is sitnated very close to the 
positions 1597 and 1602 cm-1 found for aniline dimers, 
p-semidine (4-aininodí|dicnylainiiiř), and o-setnidine (2-ami· 
nodiphenyiamine). respectively.
TrchovS et al.
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QBCQ, QBB, and BBQ units (Bc denotes a cb-benzenoid unit). 
A band at "1240 cm-1 doe to C -N  stretching in BBB units is 
noted in emenldme-ba.se spectra,5··17 while we observed two 
bands at 1240 and 1266 cm' 1 for all polymerization times. The 
band at 1266 cm-1 is possibly due to C -N  vibrations in tertiary 
arylimine, in pheuazine-like units.*"·^ *
In the region 900-650 cm- * many bands are observed, 
attributed to aromatic C -H  out-of-plane deformation vibrations 
y(C— H), while the spectrum of .standard PANI usually has only 
one band typical of a para-disubstituted benzene ring.4*·4' 
Besides die presence of 1,4-disubstitiited rings as prevalent for 
all polymerization times, indicating linear elements of chain, 
FTIR spectroscopy revealed die presence of a significant number 
of 1,2,4-trisubstituted rings, indicative of branched and/or 
substituted phenazine-hke elements (Figure 11). The band at 
827 cm-1 corresponding to 1,4-disubstitiited rings15·1··27·44·48 is 
drastically strengthened at 21 min, becoming the dominant band 
in this region. The 1,2,4-suhstitutioa pattem is revealed by die 
bands at 864 and 857 cm-ä (2 H) before and after/ =  17 min, 
respectively, at 906 cm-3 (1 H) during ail times,24 and by the 
band at 880 cm-1 (1 H),:sJ5  which appears after f =  17 min. 
The band at 880 cm~! may be correlated with detected changes 
in the morphology of the polymeric products in this period. The 
band at 848 cm-1, well resolved only at t  < 21 min, can be due 
to 1,4- and/or 1,2,4-substituted rings. The mono and 1.2- 
disubstituted rings corre^oud to the bands2* at 726 and 740 
cm- i . The bands at 906,880 (1 isolated H), and 864 (857) cm- ;  
(2H) are attributable to y(C-H) vibrations of substituted 
phenazmes, too.36 The 974 cm-1 band, strengthened at /  > 17 
min. corresponds to C -H  in-plane deformation vibration of the 
quinonoid form of a 1,2,4-trisubstituted ring.35·51
FTIR .spectra of the intermediates corresponding to longer 
times (t > 17 min) may be assigned to the spectra of standard 
PANI base32 with some features of the specira of samples 
obtained for t<  17 min (Figure 10). As has been shown, the 
samples are only partly soluble in chloroform. The insoluble 
polymer fraction is composed of nanotubes and granular 
precipitate. We suppose that both pans of- this fraction are 
sulfonated and that the additional peaks, which are also present 
in the. spectra of the insoluble part, belong to the observed 
nanotubes. The nanotubes also contain phenazine units.
Concluding Remark on Nanotube Formation. It has been 
proposed’0 that the aniline oligomers produced in die early stages 
of die polymerization at low acidity of the medium are insoluble 
in water, and that they aggregate to constitute a template-like 
structure, which further predetermines the directional growth 
ofPANL that is, the production of nanotubes. The present .study 
provides additional insight into such a concept. The PANI 
nanotubes are produced within an intermediate acidity interval; 
at lower acidity, the products are oligomers, and at higher 
acidity. PANI has the granular morphology.
The occurrence of nanotubes is clearly associated with the 
presence of oligomer crystal-like structures that act as templates 
where the nanotubes growth starts. The presence of phenazine - 
like units in PANI (Figure 11) is also invariably connected with 
the existence of nanotubes. We propose that phenazinium units 
act as discotics that guide the stacking of oligomers as they are 
produced during the oxidation of aniline, providing the necessary 
organization and order that predetermine the growth of nano- 
tubes. The sulfonation of PANI, occurring at the same time, 
may help to stabilize die produced .structures by internal 
protonation, that is, by ionic bonding between sulfonate groups 
and protonated imine sites in neighboring polymer chains.
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lígnrt II. Phcuzma-like unit cm bt fanned: (a) it th» branching 
sin ifin midatico of 1,2,4-lrisubstitmd ring structure; (b) at die 
beginning ofths chain after addition of 1,2-düubstiRiMd ring structure.
The band at ~1414 cm-1, which is present in all the spectra, 
but is more intense in samples collected at i  < 21 mm, is a 
strong indication of the formation of phenazine-like segments 
(Figure 9). In the polymeric part produced at pH < 4. their 
presence becomes significantly reduced. This band is not 
observed in the spectra o f standard PANI bases,” ·17 but 
heterocycles containing several nitrogen atoms are active in this 
wavenumber region. The band at ">1410 cm-! has been 
observed in die spectra of pyrazine, phenazine, and polymers 
containing phenazine units, and it is assigned to a totally 
symmetric stretching of the phenazine ring.43·44 Phenazine-like 
units can be also recognized through the bands at 1208 and 
1136 cm- - and its contribution to the bands at 1144 and 1108 
cm-1 is possible (in the phenazine .spectrum, the bands at 1210, 
1136,1147, and 1109 cm-1 ire present). Their presence ma}' 
thus be expected, and is indeed observed (Figures 8 and 9), 
especially in oligomeric products.
Evolution of FTIR Spectra. The strong band at 1582 cm-1, 
observed at r < 21 min in the spectra of deprotonated samples 
(Figure 9), becomes even stronger and shifted to 1585 cm-1 
after this reaction time. This band corresponds to C—C 
stretching in newiy formed quinonoid rings, (the N—Q—N 
stretching mode).11·17·*5 The massive band at ~1510 cm~‘ (with 
a shoulder at —1496 cm-1) appears in all of the spectra for the 
reactions times up to 21 min, and a strong band at '»1502 cm-1 
is observed for longer times. This absorption is characteristic 
of benzenoid ring-stretching in the N -B -N  mode.17·« The 
intensity ratio of the bands due to aromatic C—C stretching 
vibrations at 1445 and 1414 cm-1 (the last one corresponding 
to phenazine-like segments) is changed at 21 min.
The bands corresponding to C -N  stretching vibrations are 
observed at 1364 cm-1 (for all polymerization times), 1378 cm-5 
(arising a tr =  21 min), and 1300 cm-1 (present in all the spectra, 
strengthened (and with a shoulder at 1336 cm- -) for r » 17 
min). Kang et al.17 attributed the 1380 cm-1 band in the PANI 
spectrum to C -N  .stretching in QB|Q unit (B, denotes a trans- 
benzenoid and the 1315 cm-1 band to C -N  stretching in
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4.1.5. Polymerization of Aniline in the Solution of Strong and Weak Acids: 
The Evolution of Infrared Spectra and Their Interpretation Using 
Factor Analysis [R5]
The polymerization of aniline with APS in water, described with the help of the 
terminated polymerization, was investigated in situ by the ATR FTIR spectroscopy and 
compared with the aniline polymerization in the presence of weak (acetic) acid and 
strong (sulfuric) acid. The aim was to understand the influence of acidity on the 
observed morphology of the final PANI products, granular or nanotubular.
The ATR technique was improved when the solution of aniline monomer was 
placed on the crystal and than the solution of oxidizing agent, APS, was added after the 
start of the measurement to study the early stages of oxidation. This proved to be 
important in the detection of the oligomers, which were expected to be formed at the 
beginning of the oxidation. The differential spectra and the FA were used to observe the 
evolution of the molecular structure. The course of the polymerization in neutral and 
slightly acidic medium was analyzed and compared with the polymerization in strong 
acid. The formation of different morphologies dependent on polymerization conditions 
was studied by optical microscopy and the molecular structure of the final products was 
examined by the FTIR spectroscopy.
The results of the in-situ ATR FTIR spectroscopy support the result obtained 
from the termination of polymerization at various stages [R4]. The development of the 
spectra followed the temperature and acidity profiles measured in the course of the 
aniline oxidation in neutral and slightly acidic medium. Two steps of the oxidation, 
separated by the time period without virtually any reaction progress, were well 
distinguished in the development of the differential spectra. The FA was shown to be 
useful in the description of the aniline oxidation. In contrast to the differential spectra, 
where averaging was necessary to obtain reasonable information, the FA worked with 
the as-measured spectra. The FA results helped us to determine the time scale of the 
polymerization in detail. Thus, the course of polymerization known from the acidity and 
time dependence could be thus precisely correlated with the changes taking part at the 
level of the molecular structure.
The optical microscopy proved the presence of nanotubes in the final product of 
the aniline polymerization in the solution of acetic acid and in water. In these cases, the
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evolution of the differential spectra and results of FA reflected two oxidation periods 
separated by a “delay” time, in which the acidity and temperature profiles were virtually 
without any changes and no chemical changes were proceeding. It was confirmed that 
the formation of the oligomeric products was linked to the first exothermic phase of the 
aniline polymerization in weak acid by the differential spectra and the FA results. The 
similar molecular structure of the product formed during the second exothermic phase 
of the polymerization in weak acid and water and during the single exothermic phase of 
polymerization in sulfuric acid was proved by the FTIR spectroscopy in this experiment 
as well.
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Polymerization of Aniline in the Solutions of Strong and Weak 
Acids: The Evolution of Infrared Spectra and Their 
Interpretation Using Factor Analysis
L ŠEDĚNKOVÁ.* M . T R C1IOVÁ. J .  STEJSK A L, and  .1. BOK
bta im e a f M acromokatbr Chemsity, Academy c f Sciences o f the Czech Republic, 162 06 Prague 6, Czech Republic (I A . M.T., arid
Charles Unhersity Prague, Faadty <4Mathematics and Physics, 72/ 16 Praßte 2. Czech Repttbit (IJB.)
The proptM of the axfahtiw pafyinerizatfoo of aniline with aznmonhim 
pinnjtSsiIftk ta an aqueous medium bas beta monitored fa situ tqr 
attenuated total rcflcdim Fourier transform infrared spectroscopy, Tbe 
growth of polyaniline film at tbe crystal surface. as «ell as Ac changcs 
procNdog io the surrounding aqueous medium, arc reflected in the 
spectia. Tbe evolution of tbe spectra Airing aniline polymerization ia tbe 
presence of acetic or sulfuric add was studied with the aim of 
understanding tbe influence «if acidity on tbe observed mnrpbnfog)' of 
tbe final paljanfline films smnular or nanotubes. The ebaqges occurring 
during polymerization arc discussed with the bdp of differential spectra. 
Sem al procese* conncctcd with the various stages of aniline oxbfetion. 
tbe evolution of film morpbokiKj; or protoostion. were distinguished by 
using bet or analysis applied to a large number of spectra obtained in tbe 
course o f aniline pobmcri&tJons on the crystal
Tadex Headings: Contacting polymer; Thin films; Polya nilinr. Aeldby; 
Nanotnbe; Infrared spectroscopy; Attenuated total reflection: AIK; 
Fourier transftirm infrared spectroscopy; FTIR spectroscopy; Factor 
analysfc; FA.
INTRODUCTION
Polyanilinc (ΡΛΝΙ) is one of the most investigated 
conducting polymers. ΡΛΝΙ (emeraldine) is usually prepared 
by the oxidation of aniline with ammonium pcroxydisutfalc 
(APS) in an aqueous medium.1 The reaction itself seems to be 
simple, yet it is represented by the interplay of complex multi­
level chemical processes. The mechanism of the react ion 
depends on many factors, e.g., temperature, acidity, and the 
concentrations of reactants. Various supramolecular structures 
of the final product aie obtained, including nanotubes, 
depending on the conditions of the reaction, but the mechanism 
of their formation has not yet been elucidated. Hie oxidative 
polymerization of aniline with ammonium peroxydisulfate in 
aqueous solution starts from alkaline, neutral, or slightly acidic 
reaction conditions, which proceeds via two stages.3. It has 
recently been recognised as an efficient template-free synthetic 
route to nanostructurcd PANI.4'11 Neutral aniline molecule is 
oxidi/cd preferentially during the fust phase at low acidity, 
while the oxidation of the anilinium cation takes place later, 
when sulfuric acid is generated as a byproduct and the acidity 
of the medium bccomcs higher. It has been proposed that the 
nan-conducting insoluble aniline oligomcni, formed at the first 
stage of polymerization, guide the growth of conducting PANI 
nanorods and nanotubes during the sccond stage-4' 6 Thai Is 
why analysis of the early stages of the oxidative aniline 
polymerization is the due to ducidatc the evolution of the 
molecular and supramotccular structure of PANI.
Received 7 June 2007; aoceptd 15 Angus! 2007.
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When aniline is oxidized in an acidic aqueous medium with 
APS, a PANI precipitate is produced1,9 (Scheme 1). The blue 
pemigraniline form present during die reaction con verts to 
green protonated emeraldine at the end of the polymeriza­
tion.10·1 1 The reaction is exothermic and yields, in addition to 
PANI, sulfuric acid and ammonium sulfate (AS) as byproducts, 
th e  progress of polymerization thus can be followed cither by 
recording the temperature111·1 or the pH,3·4 or it can be 
monitored in situ by attenuated total reflection (ATR) Fourier 
transform infrared (FT-IR) spectroscopy.IA
Any surface in contact with the reaction mixture bccomcs 
coated with a thin PANI film, about 40-400 nm thick, 
depending on the reaction conditions.17 The technique of 
surfacc polymerization has often been used in the coating of 
various materials with a conducting polymer ovcriaycr." In  
s itu  surface polymerization, giving rise to thin PANI films, is 
kinctically preferred to precipitation polymerization in an 
aqueous phase that produces a PANI precipitate.14·19' 11 This 
means that the formation of the films precedes the bulk 
polymerization, both processes proceeding independently in 
succession. The hypothesis that the aniline polymerization is 
catalyzed by adsorption of an oligomeric intermediate at the 
available surfaces has been proposed.l4-:o·“
We have recently analyzed ihc course of aniline oxidation 
with APS in water without any added acid, as reflected by 
temperature and pH measurement4 The oxidation reaction was 
tciminated at various stages and the molccular structure and 
morphology of the reaction intermediates were assessed.1 The
Volume 61, Number 1 1 ,2007 APPLIED SPECTROSCOPY 1153
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evolution of PANI nanotubes during this process was observed. 
Aniline oligomers arc produced in the first pan of the reaction, 
and a polymer, PANI, is produced in the subsequent regime. 
The molecular structure of the oxidation products was studied 
by FT-IR spcctroscopy. The evolution of Ihc supramolecular 
structuic, i.e., of PANI nanotubes formed during aniline 
oxidation, has been followed by optical microscopy and 
confirmed by dec Iron microscopy.*
The brandling of oUgoanilinc and PANI chains, followed by 
oxidative intramolecular cyclical ion and aromatizalion, leading 
10 substituted phcnazincs, has been predicted theoretically to 
accompany the classical mutes of aniline polymerization.23 The 
formation of phenazine units in PANI has also been proved 
with FT-IR spectra.
The progress of the chemical polymerization of aniline has 
recently been monitored in .»m by ATR FT-IR spectrosco­
py.14'  This method allows us to observe the early stages of 
polymerization directly during the oxidation process. The 
PANI film growing on the crystal surface and the surrounding 
aqueous medium aie reflected in the spectra. The present 
contribution extends the FT-IR experiments to discuss the 
influence of acidity on the aniline polymerization and the 
connection with the morphology of the final films. The 
interpretation of the large number of spcctra recently obtained 
by applying factor analysis (FA) to the ease of aniline 
polymerization in water16 is used in the present paper for the 
polymerization in aqueous solution of strong (sulfuric) and 
weak (acctic) acids.
EXPERIMENTAL
In Situ Attenuated Total Refection Fourier Transform 
lnlrured Spectra. A droplet of the reaction mixture, obtained 
by mixing equal volumes of 0.4 M aniline and 0.5 M APS 
solutions, prepared in 0.1 M sulfuric or 0.4 M acctic acid, was 
placed on the surfaoc of the ZnSe crystal.14*16 The ATR FT-IR 
spcctra were recorded in situ with a Thermo Nicolet NEXUS 
870 FT-IR spectrometer using a mcrcury-cadmhim-tdluridc 
(MCT) detector, a resolution of 4 cm-1, and four scans per 
spcctrum. The ATR spectra were used without any correction. 
The interval between two measured spectra was approximately 
13 s. As-measured in situ spectra were used as the input for 
FA.16 Differential spcctra were obtained after averaging about 
four spcctra measured during I min; the foregoing averaged 
spectrum was then subtracted from the next averaged spcctrum. 
After the polymerization, the ZnSe crystal coated with a PANI 
film was rinsed with the corresponding acid solution to remove 
the adhering PANI precipitate and byproducts. It was then 
rinsed with acetone and dried in air. The resulting PANI films 
were convened to the base form by immersion in I M 
ammonium hydroxide. The ATR spcctra of the filial films, both 
in the forms of salts and bases, were recorded with a resolution 
of 2 cm"1 and 64 scans per spectrum. The transmission spectra 
of the dcancd ZnSe crystal proved that there was no damage to 
the crystal caused by the polymerization of aniline. Thus may 
be explained by the protcctivc propcnics of the growing PANI 
film toward the oxidation of the crystal surface by the reaction 
mixture containing astrong oxidant.1'116
Factor Analysis. Each timc-dcpcndcm measurement con­
tained a series of 332 FT-IR spcctra corresponding to the 
course of aniline polymerization started under various initial 
conditions in the presence of sulfuric or acctic arid. The sets of 
spectra were treated by FA in order to distinguish and to
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elucidate the essential process in the coursc of aniline 
oxidation. The aim of the FA application is to find the main 
features in the course of aniline polymerization that can be 
linked to die morphologies of the final products.
Factor analysis using singlc-value decomposition-4·13 en­
ables us to reduce the original set of spectra to their lowest 
dimension. The result of applying FA on the set of N spcctra 
(here, N = 332) is a set of singular values wj, a set o f so-called 
“subspcctra” Sj, and, finally, an N X N  matrix of coeffidcnts V. 
The subspcctra^ and the rows of the matrix ν 'arc onhonormal.
The original experimental spectrum ft can be expressed in 
terms of the FA as a linear combination of subspcctra Sj, where 
the linear combination coefficients are composed from the 
relevant row of ihc cocfficicm matrix V together with weights
Wf
( 1)
The best approximation of the experimental spectrum can then 
be formulated by a linear combination of M spcctra that arc 
connected with the highest values of weights hy and Μ < N:
(2)
The lowest number M of spcctra that express the experimental 
spectrum within the range of experimental error is a factor 
dimension. The factor dimension can be understood as the 
minimum number of independent components contributing 
significantly to the analyzed spedra.
RESULTS AND DISCUSSION
Course of the Polymerization of Aniline. The aniline 
oxidation with APS in aqueous solutions o f strong (0.1 M 
sulfuric) or weak (0.4 M acctic) acids, as followed by 
temperature and pH changcs, are substantially different (Fig. 
IV, the main trends, however, are similar. Generally, the 
oxidation of aniline with APS is an cxothermic process in each 
case, and a decrease in pH is observed when the hydrogen 
atoms are removed as protons from amino groups of aniline by 
APS.4
Sulfiiric Acid. When 0.2 M aniline was oxidized in 0.1 M 
sulfuric acid, a so-called induction period without temperature 
changcs was observed. This period is due to the prevalence of 
the less oxidizablc anilinium cations in the acidic reaction 
mixture; the concentration of more reactive neutral aniline 
molecules is low.31 The pH slowly decreases from the very 
beginning of the reaction, while the temperature is virtually 
constant (Fig. 1 a). The second period is conncctcd with the fast 
exothermic polymerization of aniline. The growth of the PANI 
chains is subjcct to the protonation of pemigraniline interme­
diate (Schcmc 1), which takes placc only after the acidity 
increases (pH < 2). The fast polymerization is associated with 
a drop in the pH (Fig. lb) and a rapid increase in temperature. 
All the processes take placc at pH <  3 and ore completed in 14 
min.
Acetic Acid. The coursc of polymerization, monitored by 
chaitgcs in the temperature and pH of the reaction mixture, is 
different in the 0.4 M acctic acid solutioa The temperature 
increases firom the very beginning and grows in two
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consccutivc stages, i.c., two cxothcnníc processcs follow in 
succcssion. On tbc dccrcasing ocídity curvc, two subs.cqucnt 
pha...cs are also distinguishcd, bct\\·ccn which thc acidity has 
thc tcndcncy to lcvcl off. Thc fillit oxída1ion stagc can bc 
assigood to thc formation of low-molccular-wcight oligomcric 
products.5 Thc fonnmion of these intcnucdialcs is cnablcd by 
thc inítial highcr oonccntration of neutra) aniline rnolcculcs in 
cornparison wíth lhc prcvio1L1 ca.w. Their oxidation leads to 
oligomcrs on one hand and to thc dccrcasc of thc pH on thc 
othcr (Fig. lb). Thc dominance of the lcss rcactivc anilinium 
cations follows duc to thc íncrcao;e in acídity, and thc rcaction 
slows down. Thc cou!liC of polyrneri7..ation in thc presence of 
acetíc acid i.1 thcn similar to thc prcvious ca'\C. The period 
without any cxprc.\scd tcmpcraturc chang~ LI followod b)· thc 
fa1t cxothermic polymcrÍl..atirn . Thc rcaction wa~ ovcr in 45 
min. Thc polymcrÍl..ation in aoetic ocid, a.1 studicd by thc 
changes of tcmpcra!urc and pH, is similar to thc anílinc 
pol)mcri7.ation in walcr,4 · ·~· 16 whcre two subscqucnt exot her· 
mic phaws havc boen observcd as wcll. 
Morpholol:.'· or Final ťilms. Thc morphology of thc final 
product, a.~ wcll as thc coursc of polymerization, thus dcpcnds 
on tbc acidity conditions during thc rc-.iction ralhcr than on thc 
chcmical structurc of the acid. ln solutions of sulfuric acid, 
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granular PAN! was produccd (Fig. 2a); in solutions of acetic 
acid , PANI nanotubcs (Fíg . 2b) wc:rc obtaincd. Thc presence of 
dí ffcrcnt structures on thc surfocc of thc Zn Se cnrstal was 
provcd by optical microscopy in accordancc ~vith thc 
litcraturc .4 Several hypothese.i havc bccn publishcd to elucklatc 
how the PANT nanotubcs are farmod in thc ab.-;cocc of 
tcmplatcs with fixcd morphology. Qiu ct al. 1·~ havc proposcd 
thc presence of "sof\" 1cmpla1e.1, a1tributcd to sclf-a.'15Cmblcd 
microstructurc of 3Cid molcculc and anílinc (anílinc salt). 
Another explanation wa.1 propmcd4" 6 in which thc crucial role 
in thc self-assembly oť PANI nanotubcs is playcd by 
intcrmcdiatcs, which arisc ín thc first stagc-; of oxídalion. ln 
accordancc with this hnxithcsi.1, a wcak acid plays thc role of 
thc pH buffer in thc rcoction rnixture and thc production of 
granular PANI is supprcsscd. 'Thc aniline polymcrization in thc 
APPLIED SPECTROSCOPY 1155 
74 
Ra. 3. FT-IR spectia of fte E u H ij PANI fllnuos Zn Sc ( i ja ik  obuhcd M 
siu  diaiBf the poVnKriuion aniline ja t e  presence o f w aig  O f weak acid 
a d  meauifcd ň ATR mode.
presence of weak acid leads then to the product with well- 
defined nanotubular structure (Fig. lb).·1*·“
Fourier Transform Infrared Spectra of Final Films. 
Before discussing the evolution of the .spectra during the 
aniline oxidation under various acidity levels of the reaction 
medium, let as compare the spectra of the final films. They 
were obtained on ZnSe crystals after rinsing with the 
corresponding acid solution to remove the adhering PANI 
precipitate and byproducts, washing with acetone, and drying 
in air. The nearly identical spectra were obtained with Ihc ATR 
technique (Fig. 3) and in the transmission mode. This proves 
that then; is perfect contact between the film and the crystal 
surface, which is the most important factor in the ATR 
technique.
Strong Acid. The spcctrum of the resulting PANI film, 
obtained after the polymerization of aniline in 0.1 M sulfuric 
acid, corresponds to the typical spectrum of PANI (emeraldine) 
salt (Fig. 3, top).3* It exhibits two main bands, with maxima 
situated at 1586 and 1499 cm-1, assigned to quinonoid and 
benzenoid ring-sttctching vibrations, respectively. The absorp­
tion band at 1303 cm"1 corresponds to ir-dcdron dclocaliza­
tion induccd in the polymer by protonation.37 The band 
characteristic of the conducting protonated form is observed at 
1249 cm-1 and Ls interpreted as a C-N'1* stretching vibration in 
Ihc polaron structure.311 A weak band al 1374 cm"1,
1156 Volume 61, Number 11. 2007
characteristic of the PANI base, hut also of its pernigranilinc 
form, is detected in the spcctrum.39 The prominent 1 ISO cm-1 
band has been assigned to a vibration of the -N H '= structure, 
which Ls farmed during protonation.'10 Two shoulders at 1086 
and 1041 cm-1 arc observed in the spcctrum. Also, some bands 
ate located below 900 cm-1, e.g., the intensive doublet at RI7 
and 803 cm-1 together with a weaker band at 881 cm-1. The 
last band will be explained later.
Waft Acid. When a solution of weak (0.4 M acctic) acid is 
used as the reaction medium, the spectrum of the PANI film Ls 
different compared with the film produced in ihc strong acid, 
0.1 M sulfuric acid (Fig. 3, top). Ihc bonds in the icgion 
between 1300 and 1600 cm-1 ate slightly shifted to 1580 and 
1500 cm-1. New bands situated at 1450 and 1417 cm-1 are 
present, which will be assigned later. The band at 1374 cm"1 
has intensity comparable to the same band in the spectrum of 
film prepared in the sulfuric acid. Bands at 1304 cm-1 and 
1245 cm-1 ate also dctcctcd, and a shoulder at 1260 c m '1 
appealed. The most intensive band in this spectrum is located 
at 1140 cm-1 in the case of acetic acid. A new sharp peak is 
foundat 1040 cm-1. A weak band is observed at 974 cm-1 and 
the bonds situated at 823 and 803 cm-1 have shoulders at 860 
and 881 cm-1. All these bands will be discussed below.
The spcctrum of PANI film prepared in solutions of strong 
acid and converted to a base Ls shown in Fig. 3, bottom 
panel. Previously described additional peaks arc dearly 
observed in the spcctra of PANI base prepared under mildly 
acidic conditions (in solutions of acctic acid). They ate well 
distinguished in the spcctra of aniline oligomers and can be 
assigned to phenazine units.3 The band, observed at 1414 
cm-1 Ls attributable to a totally Symmetrie stretching of the 
phenazine hctcrocyclic ring.31,33 Phenazine-like units can 
also be recognized through the bands at 1208 cm-1 and by 
their contribution to the bands at 1144 and 1108 cm "1. The 
presence of a significant amount of 1,2,4-trLsubstitutcd rings, 
indicative of the formation of branched and/or substituted 
phcnazinc-likc segments, is revealed by the bands at 880 and 
8S8 cm-1.33 The peaks attributable to phenazine units aie 
more pronounced in the oligomers produced at the beginning 
of polymerization.3 The peak at 1040 cm-1 is possibly due to 
the S=0 stretching vibration, and it suggests the presence of 
sulfonic groups on the aromatic rings.34 These groups could 
result from attack of the peroxydisulfate radical on the 
benzene rings.
Evolution of Fourier Transform Infrared Spectra. 
Attenuated total reflection spcctroscopy is a contact sampling 
method in which a crystal of high refiadivc index, a ZnSe 
ciystal, is used as an internal reflection clement (IRE). The 
electric field penetrates into the sample deposited at its surfacc, 
here a droplet of the reaction mixture placod on the ZnSe 
crystal,14' 16 in the Pram of an cvancsccm field whose amplitude 
dccays exponentially with the distance from the interface. It 
should be stressed that as a consequence the ATR spcctra 
rcflcct cspcdally the structure of the medium close to the 
crystal surfacc. Strong broad bands centered at 1638 and 3400 
cm-1 in the as-measured spcctra demonstrate the ptcscncc of 
water. A weak broad hand at 1277 cm-1 and a sharp band at 
1050 cm-1 are assigned to APS (discussed later in connection 
with Fig. 4a). As the PANI film grows at the ZnSe crystal,ΙΑ·ιβ 
the effed of water on the .spectra bccomcs less marked. But 
even in spcctra taken at the end of polymerization, we have 
observed, in addition to the PANI peaks, the bands of water
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the mixing of the drop of APS solution with the aniline solution 
on the crystal surfacc.
Ihc induction period in the course of polymerization with 
strong acid is reflected by the observation of only small 
changcs in the spectra at about 5 min from the reaction 
beginning. This confirms that the film grows on the crystal 
from the very beginning of the measurements, ic., already 
during the induction period11 (Fig. I) where no polymerization 
in the bulk takes place.14 The small peak observed at 1040 
cm-1 close to the APS peak (at 1050 cm-1) corresponds to 
sulfonation of the benzene ring. The sulfcnaticn of benzenoid 
and/or quinonoid rings was observed earlier3 by the appcaiance 
of the bands at 1040,695, and 617 cm-1, which are coimcctcd 
with vibrations of S=Q, S-O, and S-C  groups, respectively. 
TWo bm ďT^low er^avčnuŠnjéír'ne noTäcieciablc in the 
spcctra due to the high absorption by the ZnSe crystal below 
7pQ,c.nVli. Ihc observation of the peak at 1040 cm"1 in our 
spcctra confirms that sulfonation also occurs in the very early 
stages of aniline oxidation.
The fast exothermic polymerization of aniline sulfate is 
reflected in the differential spectrum at 11 min by the strong 
bands arising at 1376, 1306, and 1242 cm-1, typical of the 
pemigraniline form of PANI (Fig. 4a).l4-l6;M,J5 Pemigraniline 
is an inteimcdiate product in the process of emeraldine salt 
formation.10 The characteristic feature of the pemigraniline 
spcctrum is the characteristic high intensity ratio of bands at 
about 1600 and 1500cm-1 and the band present al 1376cm-1 
connected with the higher concentration of quinonoid rings and 
imine nitrogens in the structure. Wc expect ihat, at about this 
time, the. precipitation polymerization starts in the bulk. The 
negative differential peaks connected with APS observed at 
1250 and 1050 cm-1 signify that APS is gradually consumed 
during the precipitation polymerization of aniline. At the same 
time, Ihc broad band at about 1125 cm-1 increases, 
corresponding to AS production from APS decomposition 
(Scheme I).
At 14 min, new peaks B t 1610, 1352, 1153, and 883 cm-1 
arise (Fig. 4a). The oxidant has become depleted and the 
pemigraniline is now reduced fay the residual aniline to the 
emeraldine fotm.10 This applies to both the film and the 
precipitate. The growth of a broad absorption band al 
wavenumbers higher than 2000 cm-1, typical of the conducting 
PANI form, is clearly observed. The convection to emeraldine 
Ls complete in the film measured at 17 min. No changes in the 
differential spectra could be observed afterwords cxccpt for the 
general decrease in intensity. The growth of the film stops after 
20 min, but the PANI film is still transparent to infrared 
radiation.
Weak Acid. The most significant bands in the first 
differential spcctrum of polymerization in the acctic acid are 
observed at about 2 and 3 min after the reaction starts, at 157S, 
1507, 1449, 1419, and 1003 cm-1 (Fig. 4b). These bands 
correspond to the formation of oligomen containing phenazine 
units generated by the oxidation of more reactive neutral 
aniline molecules.3'11 The first differential spcctrum is strongly 
influenced by the presence of the APS bands, which are 
conncctcd with the mixing of the APS solution whh the 
solution of aniline on the surface of the crystal, th e  negative 
differential peaks assigned to the APS decrease, observed al 
1250 and 1050 cm-1 in the first spcctra measured during 
polymerization in acctic acid, signify that APS Ls gradually 
consumed through the first Sages of aniline polymerization
1
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Fn. 4. Diffetrittbl FT-IR spectra of the reaction mixture jt n r ltu iH g e io f  
filmfomuttoa daring ft« polymerizaticn of iniBnc In the prcKQcc of (a) 0 .1M 
suVmfc acid or (b)(M M acctic a;U an a ZnSe crystal mcuiued in ATR mode. 
The sdeocd reactbn times a e  diovn Λ  (he ip ec tt
and a wry small peak at 1050 cm-1 corresponding to residual 
APS. Hie latter peak is especially important for following the 
progress o f the reaction, the conversion o f A PS to AS (Scheme 
1), characterized by a new strong band at 1133 cm"1. 1414 All 
these peaks disappeared when the residual aqueous mixture 
was removed and the PANI fi Im on the crystal was rinsed and 
dried. The spectra rocotdcd afterwards (Fig. 3) prove that PANI 
film has been deposited on the crystal.
To analyze the changcs in the spcctra in detail, we have 
plotted the corresponding differences of two consecutive 
averaged spectra (Fig. 4), as described in the Experimental 
section. Similarly to the course of aniline oxidation with APS 
in aqueous solution of strong or weak adds, followed by 
temperature and pH changcs (sec Fig. I >, the evolution of the 
spectra is different in strong and weak acids.
Strong Arid. The intcasivc band at 1277 cm-1, a weaker 
broad band at 1456 cm"1, and a  sharp peak at 1050 cm*1 
observed in the first differential spectrum (average spectrum 
assigned to 2 min from the beginning of the reaction) (Fig. 4a) 
belong to the spcctrum of APS solution and have their origin in
b)
Ib N tM fc l
c)
(! )
H n it Rtn
_____________C)________________________________________________________
1158 Volume 61, Number 11, 2007
77
(Sdicmc I). At the same time, Ihc broad band ccnicicd at 1125 
cm-1 corresponding to AS production from APS decomposi­
tion increases. Virtually no changcs have been observed in the 
FT-IR spectra during the next step of polymerization with 
acetic acid. The differential spectra in Fig. 4b arc without any 
significant features until about 24 min from the beginning of 
the reaction. This Ls in good agreement with the temperature 
and pH profiles (Fig. 1), where the period without any changcs 
is easily detectable. This “delay time“-15 corresponds to the 
induction period observed in Ihc polymerization with .sulfuric 
acid.15 The typical band of APS situated at 1050 cm-1 
continues slowly to docica.se I the negative peak in the .spcctrum 
increases) but an acceleration in this process is observed after 
about 26 min when a second exothermic polymerization starts. 
This is manifested by new bands arising in the spectrum at 30 
to 40 min. The .shape of these bands is very dose to the bands 
observed in the differential spcctrum in the ease of sulfuric acid 
at 11 min, which corresponds to the end of the induction period 
and to the formation of the pemigraniline form. The sulfonation 
of the intermediate produds is reflcdcd by Ihc increasing peak 
observed at 1040 cm-1. The transformation of pernigranilinc to 
the protonated emeraldine Ls well demonstrated by the 
development of the spectra at 43 to 45 min.
Analogous behavior was observed in the case of polymer­
ization in water when; formation of nanotubular structures has 
also been observed.16 This supports the hypothesis that the 
bands observed in the first stages of polymerization are 
connccted with the presence of sulfonated oligomers contain­
ing branched and/or substituted phenazine-like segments that 
play a crucial role in the formation of nanotubes.6
Factor Analysis. The 332 spectra recorded during the 
reaction were processed using FA (sec the Experimental 
section). The FA method enables us lo compare different 
processes in the aniline polymerization and to establish their 
role. As-measured spcctra are strongly influenced by the 
presence of water. ThLs can be diminatcd by using die 
differential spcctra, but, in order to obtain meaningful 
information, averaging is ncccssary. FA allows us to compile 
and analyze ihc large numbers of spcctra without the necessity 
for any kind of prctreatment
The results of applying FA to ihc FT-IR spedra recorded in 
the coursc of aniline polymerization in the solutions of sulfuric 
and acctic adds are shown in Figs. 5 and 6, respectively. 
Singular values t»y (/ =  1 , . . . , Λ) and residual errors arc platted 
in Figs. 5a and 6a, and the first four most significant subspcctra 
Sj and the corresponding cocffidcnts Vy (i =  I , . . . ,  N, and /  = 
I , . . . ,  4) are plotted in Figs. 5b through Sc and 6b through 6c.
The singular values plotted against the subs poet rum number 
(Figs. Sa and 6a) arc essential for estimating the relevance of 
each subspcctrum. The plol of residual errors as the 
dependence on Ihc number of subspedra considered in the 
approximation Ls used to determine the fador dimension M. 
The linear decrease of the residual errors Ls observed as the 
number is higher than the factor dimension M. The factor 
dimension is at least four for both cases. The polymerization in 
acctic add has a higher factor dimension, but the corresponding
subspcctra are connccted with the fine, hardly imcrprctablc 
correct ton of the main processes.
The resulting subspcctra, describing different processes 
during polymerization, are shown in the left-hand panels of 
Figs. 5b through 5c and Figs. 6b through 6c. These subspcctra 
are calculated spcctra whose linear combination serves to 
^proximate the experimental spectrum. The share of the 
relevant subspcctnim 5; in the experimental spectra is 
expressed by the product of the corresponding wdght Wj and 
the set of coefficients V#.
The time dependence of the set of cocffidcnts coimcctcd 
with ihe relevant subspectrum (Figs. 5b through Sc and Figs. 
6b through 6c) arc compared with the time dependence of the 
pH. The value of V, at time / describes the relative weight of 
the relevant subspcctrum in the experimental spcctrum 
measured at time t. Ihc features of the final products of the 
polymerization prevail in the fitst subspcctra S i in both cases 
(Figs. 5b and 6b). The increase of the cocfiicicnts V, with time 
corresponds to this observation and coinddenocs well with the 
drop of pH. This fact indicates that the first sufaspectra are more 
relevant at the end of the polymcrizatioa
On the other hand, the second subspcctra (Figs. 5c and 6c) 
describe approximately the initial mixture where the spectrum 
of byproducts has been subtracted. This fact is supponed by the 
time dependence of cocffidcnts V; and V|, which are 
complemcntaiy to each other. The third and fourth calculated 
subspedra (Figs. 5d and 5c and Figs. 6d and 6c) are imponam 
for ducidating the differences in ihc coursc of polymerization 
in different media, which lead to the different PANI 
morphologies.
Strong Add. The first subspcctrum S| (Fig. 5b) is the 
average spcctrum of all the polymerization processes. The 
observed bands arc connected with the spcctrum of the final 
product, the intermediates, and the byproducts, as wdl as with 
ihe spcctrum of the initial mixture. The spectrum of the initial 
mixture Ls dominated by the band of APS al around 1050 cm-1 
and by the band of the bending vibration of the water moleculc 
observed at 1645 cm-1. The bands typical of the spcctrum of 
emeraldine salt are observed as well in the fitst subspcctrum S |. 
Ihc bands assigned to the quinonoid and benzenoid ring 
vibratkm are situated at 1574 and 1481 c m '1, respcctivdy. The 
in-planc C-N*h vibration isconncdcd with the band situated a  
124ft cm-1, and the band of the secondary amine C-N 
vibration is observed Λ 1307 cm“1. The coursc of the 
cocffidcnts V'| has a sigmoidal shape, the increase starts at 
10 min of polymerization and is finished after 1ft min. Their 
time dependence is in good agreement with the pH profile of 
the reaction (Fig. I b).
The most intensive bands observed in the subspcctrum 
(Fig. Sc) concspond to the spcctrum of water and APS. The 
bands observed about 1630 cm-1, assigned to water, and al 
1270 and 1049 cm-1, linked to APS, all belong to the spcctrum 
of the initial readion mixture. The negative broad band 
observed at about 1165 cm-1 Ls associated with ammonium 
sulfate, which is produced during the reaction (Scheme I). It is 
reflected in the shape of the time dependence of the coefficients 
Vi which have exactly the reverse coursc in comparison to the
Fd . J. Rcsut of ihc factor analysis applied to the FT-IR spectra fccoided in the anise of aniline polymerization in 0.1 M udfuric add: (a) siaguhr values and 
icsidaal enar; <b-t> the fair manjigiiftcant suhspcctaAj aadcocfRdaiB tjiiriuting the lebiivtemrlnilbiisorthe ccnespondiigsiibspectia empaicd wilh the 
pH profile o f the read ion.
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V,. The .subspcctrum S* and the V* time behavior have the and weak acids is the presence of the bands connected with the
features corresponding to the initial reaction mixture spcctrum occurrence of aniline oligomers during the polymerization in
with subtracted spectrum of the reaction byproducts. weak acid The bands situated at 14S0 and 1043 cm-1 are
The interesting aspect of the subspcctrum f t  (Fig. 5d) is the significant for the final products of aniline polymerization with
ratio of the relative intensities of the bands observed at about nanotubular m orphology.The values of Wj increase slightly
1572 cm"'1 and 1479 cm”1, which are conncctcd with from the beginning of the reaction, and laicr, after 25 min of ihc
quinonoid and benzenoid-ring vibrations, respectively. This reaction, wc observed acceleration of this increase. The coursc
ratio is reversed in comparison with spectra of the final films differs from the course of Vj in the ease of strong acid, in
and corresponds to the pemigraniline form of PANI. which only one abrupt increase is observed. The slow increase
Pemigraniline is an oxidized form of emeraldine (Scheme 1) of the Vj al die beginning of the reaction in the case of aoclic
with a higher concentration of quinonoid rings. The presence of acid Ls most probably connccted with the appearance of aniline
pemigraniline during the polymerization of aniline was oligomeis in thLs time interval.
confirmed earlier by ultraviolet (UV)-visiblc spectroscopy37 Tbe bands assigned to the protonated form of PANI situated 
and FT-IR spcctroscopy.14 An abrupt increase after 7 min Ls at 1047 cm-1 and 879 cm"1 are found in the last subspcctrum 
present in the time dependence of ihc coefficients Vj in the ease Si (Fig. 6c). The maximum in the V4 curve is close to the end
of polymerization in sulfuric acid. The value of the cocffidcnts of Ihc polymerization and corresponds well lo the protonation
drops after the dependence teaches a maximum at 15 min. process described in previous cases.
In the fourth subspcctrum S4 (Fig. 5c), wc find some bands Tlic results of FA applied to the polymerization in acetic acjd
corresponding to the spectrum of the protonated PANI form. arc very dose to the results obtained for polymerization in
They are situated about 1234, 1134, 1043, and 860 c m '1 and aqueous solution without any added add.16 The changcs in the
have been described in the spectra of the final film. The process evolution of differential spcctra observed during formation of
described by this spcctrum is most probably connccted with the anil““  oligomers in ihe case of water were more pronounced in
protonation of PANI film. This idea is strongly supported by comparison with the case of acctic add due to the different
the shape of the time depcndcncc of the coefficients in kinetic of ihe readion. FA applied to the measured .«pcctra
comparison with the pH profile of the reaction. revealed the same features of the reaction in both cases.
Wtak Add. The first subspccirum S\ that we obtained in the F°nnal»η of nanotubular stracture has been observed in both
case of oxidations performed in solutions of acetic acid (Fig. cases, the quality of the nanotubes was higher in the case of
6b) exhibits the same features as the first subspcctrum of the acctic acid,
polymerization in .sulfuric odd. Also here, wc observed the 
typical bands of ΡΛΝΙ (emeraldine) and other species of the CONCLUSION
reaction mixture, mainly water and APS. The bands are slightly The progress of aniline polymerization in solutions of strong
shifted in comparison with the polymerization in the sulfuric or wcak a<;id was monitored in situ by ATR FT-IR
acid: bands of water and APS arc found at 1635 and 1049 spcctroscopy. The evolution of the spectra during polymcriza-
cm-1, respectively; bands conncctcd with protonated PANI are ij«, under different conditions was compared. It has been
found at 1578, 1491, 1252, and 1308 cm '. The time behavior shown that the analysis of the early stages of the oxidative
of the coefficients V, is comparable to the V, behavior in the polymerization of aniline Ls the due to undciManding ihe
case of sulfuric add, only it is significantly slower. An increase evolution of the molccular and supramolecular structure of
is observed after 27 min and the values set off at 48 min, while polyanilinc. Two exothermic reaction phases are reflected by
the lime interval is nearly three limes longer. The pH profile the ATR FT-IR spcctroscopy in the oouisc of polymerization in
(Fig. lb) Ls in good agreement with the coursc of the 0.4 M acetic acid. Neutral aniline molecules always coexist
coefficients Vt. with protonated anilinium cations, ihe equilibrium being
The second subspcctrum .Vj (Fig. 6c) is also similar to the shifted in favor of the latter species as the acidity increases,
scccnd suhspectnun obtained for the polymerization in a strong Aniline is oxidized as a neutral molecule at the beginning, even
acid. We observe positive bands linked to the initial mixture: in addic medium. A significant dccreasc of the bands
bands of water at 1635 cm-1 and of APS at 1273 and 1047 belonging to the oxidant, ammonium peroxydisulfate, and the
cm-1. The negative band with the maximum at 1155 cm-1 Ls growlh of band linkod lo the byproduct, ammonium sulfate,
connccted with the spcctrum of the byproduct AS. The time- have been observed in spedra during the fint cxothcrmic
dependency of the related coefficient set Vj is analogous to the oxidation phase. The rise of bands conncctcd to the phcnazinc-
time-dependence of ihe Vj cocffidcnts by the polymerization like oligomers was detcdcd at the same time. An interval
in strong add, although is obviously slowed down. following ihc first cxothcrmic phase in the coursc of
The third subspcctrum S.> (Fig. 6d) includes some peaks polymerization in acctic add is characterized as a “delay"
connccted with Ihc pemigraniline form of PANI, cspcdally the time without any significant changcs in the spcctra Later, in
band at 1375 cm"1 linked with the vibration of the -C-N = the sccond cxothcrmic phase, the evolution of spectra
group. The intensities ratio of the main bands at 1572 and 1512 corresponds to the growth of polymer chains involving mainly
cm-1, which arise from the quinonoid and benzenoid rings, Ls the anilinium cations. Hie concept assuming Ihc formation of
typical of the pemigraniline strudurc. The main difference insoluble aniline oligomers during the first stage of polymer-
obscrvcd between the third subspcctrum in the ease of strong ization, and the guidance of the subsequent growth of
Fb . 6k Rcjuh o f the factor JttaljsU applied to the FT-IR spectra feooidcd in lbe course of a  iliac polymer iaticn h CM M acctic acid: (a) iňgnlar values «ad 
raidttil eflor; (b-c) Ac four mou sigafficat sutepedn & andcocffictcafc i n d i e t h e  relative crattrfcuibraofttte concsponding subspcctra compared with the 
pH profile o f the react km.
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conducting ΡΛΝΙ nanotubes during the sccond stage, has been 
strongly supported.
The single cxothcrmic phase in the polymerization in 0.1 M 
sulfuric acid Ls characterized by Ihc same progress in the ATR 
FT-IR spcctra as for the sccond cxothcrmic phase in the ease of 
polymerization in the solutions of acctic acid. Some oligomers 
arc. also produced hoc during the induction period by the 
oxidation of highly deficient neutral aniline moleculcs, and, in 
fact, they could producc initiation centers for the subsequent 
chain growlh.
The application of factor analysu to spectral evolution 
during the polymerization of aniline was found to be a useful 
tod for the determination of the most characteristic features of 
this pnooess in dcpcndcncc on the acidity profile. Results of the 
factor analysis confirmed that the formation of oligomcric 
products is conncctcd with the first phase of polymerization in 
acetic acid. The same character of products formed during the 
sccond phase of the polymerization in acetic acid and during 
the polymerization in sulfuric acid was also proved by this 
method.
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4.2. Ageing of Polyaniline Films
The stability of the protonated PANI films varies with the nature of protonating 
acid [Prokeš et al. 2000, Chandrakanthi et al. 2003, Prokeš et al. 2004, Stejskal et al. 
2004] but the changes in molecular structures of PANI protonated with different acids 
were rarely compared [R6 ]. The kinetic of PANI degradation at various temperatures 
appears to be dependent on the temperature of degradation. The changes in molecular 
structure during heating of both PANI hydrochloride and corresponding deprotonated 
films deposited in situ on silicon windows were studied by FTIR spectroscopy [R7].
The molecular structure and stability of the films produced on silicon windows 
under different conditions (in the solution of sulfuric, acetic acid, and without any acid) 
was studied by FTIR and Raman spectroscopies. The differences between the spectra 
reflect the variations of molecular structure, which leads to the different morphology of 
PANI and different behavior during ageing. The supramolecular structure of the final 
films is connected with cross-linking and formation of phenazine-like structures in 
PANI. The internal protonation, leading to ionic interaction between sulfonate groups 
and protonated imine sites of PANI chain, together with hydrogen bonding, help to 
stabilize the produced structure [R8].
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4.2.1. FTIR Spectroscopic and Conductivity Study of the Thermal 
Degradation of Polyaniline Films [R6]
The series of PANI films prepared in situ on silicon windows protonated with 
various acids were examined. In addition to PANI films protonated by the most 
common monobasic hydrochloric acid, samples containing the dibasic sulfuric acid and 
tribasic phosphoric acid were included. The films were prepared on intrinsic silicon 
windows, which are transparent for IR radiation. The samples were heated to 120 °C 
and kept at this temperature for two or three runs as is described in [R6]. The evolution 
of the IR spectra during the annealing was recorded and compared with the conductivity 
curves measured under the same conditions. The thermal stability of the samples was 
consequently studied not only from the conductivity point of view but accompanying 
molecular changes were also detected and assessed.
The most significant change in the FTIR spectra is the decrease of the polaronic 
band above 2000 cm- 1  connected with the deprotonation of the PANI salt to the base. 
The other more subtle changes have been observed in the region of molecular vibrations 
under 2 0 0 0  cm- 1  and can be mainly assigned to the changes in molecular structures 
connected with deprotonation and to the formation of covalent bonds between the PANI 
chains and counter-ions of the doping acid, which appear in all three cases. A simple 
decrease in the conductivity of PANI hydrochloride was observed, conductivity of the 
PANI sulfate and phosphate decreases in two consecutive steps. The counter-ions 
definitely influence the thermal stability of the films. Both methods proved that the 
thermal stability increased from PANI hydrochloride to PANI phosphate film, the 
highest thermal stability corresponds to PANI sulfate film.
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I. Introduction
Polyanilinc (PANT) is an  important representative o f 
the class o f conducting polymers because of its cxocllcnt 
stability in air. The conductivity of protonated PANI 
dccrcascs during thermal treatment at elevated temper· 
atures. The conductivity stability can be related to 
intrinsic factors, such as Ihc macromotccular structure, 
the morphology, and the type o f acid used for pro­
tonation, and to extrinsic factors, such as the surround­
ing atmosphere and temperature. The changes at the 
molccular Icvd, manifested by gradual deprotonation of 
the PANI salt to  PANI base (Schcmc 1), are the main 
proccts controlling the conductivity (I].
As far as wc arc aware, there is only a single study (2] 
conocrning the conductivity stability o f PAN! films 
grown in situ during the polymerization of aniline at 
various surfaces. Because of the nano-scale thickness o f
the films, their thermal degradation is expected and 
indeed observed (2] to be faster than that οΓ bulk 
samples. The results reported so far in Ihc literature 
on  the stability o f PANI pellets cannot thus be directly 
applied lo  the conductivity ageing o f thin films. The 
electrical stability o f such films is o f  substantial impor­
tance, because in-situ polymerization o f aniline has 
often been used for Ihc surface modification o f sub­
strates. Conducting polymer films can also be grown on 
various surfaocs afforded by, e.g., microparticles [3— 5], 
membranes and porous materials [6—8], and fibres 
1 9 - 1 1 ] .
The stability o f  PANI has recently been investigated 
by using FTIR spcctroscopy as a tool to assess the 
changcs in the molccular structure occurring during 
ageing [ 1,12— 18], In order to understand the conductiv­
ity degradation kinetics o f protonated PANI a l elevated 
temperature, wc haw  examined in this study the con­
ductivity of a series of films protonated with various 
acids, and recorded the accompanying changcs in the 
FTIR  spcctra. In the addition to PANI films protonated 
by ihc most common monobasic hydrochloric acid, wc 
have included samples containing the dibasic sulfuric 
acid and the tribasic phosphoric acid.
84
M. Trchtná et a ll  Polymer Degradation and Stability 86 (2004) /79- M5
2. Experimental
2.1. Preparation o f pofymUbte fibnx
Polyanilinc films were grown on silicon windows, 
24 mm in diameter, for the FTIR spectroscopic measure· 
mcnts, and on  disc-shaped glass supports, 13 mm in 
diameter, for the conductivity determinations. The sup· 
ports were immersed a t room temperature in the reaction 
mixture du ring the oxidation o f 0.2 M aniline with 0.25 M 
ammonium peroxydisulfate in the prcscnce o f  U M  
hydrochloric, sulfuric, o r phosphoric acid [19]. After 
I h, the supports, now coated with a  PANI film [20], were 
rinsed with a 1.0 M solution o f the same acid to remove 
the adhering PANT precipitate, then rinsed with acetone, 
and dried in air. The protonated polyanQincs were 
convened into corresponding bases by treatment with 
an excess o f I M ammonium hydroxide, when needed.
The average film thickness, I0Q -130 nm, was de­
termined according to the relation between interfero­
metru: and optical absorption measurements [20]. The 
actual thickness o f several samples was checked on 
a  Taly Stq> (Taylor Hobson Taly Step Surface Profiler 
S/N) and by an intcrfcromclric method [20].
2 2 . Conductivity
The direct-current (dc) conductivity o f the three types 
o f  films was measured by a four-point Van der Pauw
method [21]. The equipment included a  current source 
Keithley 220, a  scanner Keithley 7001 with the matrix 
card, and a Keithley 2010 DM M . Defined environmen­
tal conditions for ageing were provided in a  H cracus- 
Vötsch VLK 07/35 tcmpcraturc-controllcd chamber 
operating up to 180 °C with a temperature stability of 
±  0.5 “C. The samples stayed there for 10 h; the 
temperature was then increased to  150 *C and held 
constant for next 30 h. The dc conductivity was re­
corded in situ continuously during the whole ugcing 
process. One measurement look about 100 s, depending 
on  Ihc level o f the measured conductivity. The temper­
ature o f the samples, recorded with a  thermocouple and
a Keithley 196 DMM multimeter, was checked before 
and after each conductivity reading. The energy dissi­
pated in the sample during the measurement was 
minimized so as not to  elevate tbe sample temperature 
due to  the Joule cflcct.
2.3. Fourier- transform infrared spectroscopy
Fouricr-transform infrared (FTIR) spcctra o f the 
films deposited on silicon windows were recorded with 
200 scans per spectrum at 2 cm-1 resolution with a  fully 
computerized Nicolet IMPACT 400 FTIR spcclrom- 
etcr. The spectra were corrected for tbe presence of 
moisture and carbon dioxide in the optical path. Rc- 
proccssing o f the spectra with resolution of 16 cm-1 
eliminated cohcicnt reflections in the silicon suhstratc. 
An absorption subtraction technique was used to re­
move the spectral features o f  silicon wafers.
The spectral measurements were carried out on PANI 
films deposited on silicon windows during heat-treat- 
mcnt in air. The temperature of the samples raised from 
room temperature to  150 °C in 20—30 min and was then 
held at ISO ®C. An electrical heating jacket, fitted with 
a  low-voltagc heater, has been used for temperature 
control. Water-cooling minimized the transfer o f heat 
from the accessory to the spectrometer, and helped to 
stabilize the temperature. During the thermal ageing, the 
spcctra were recorded a t various times in one run, then, 
the samples were cooled to room temperature. The 
samples o f  polyanilinc hydrochloride (PANI-HCI) were 
treated for 650 min a l 150 *C in two subsequent heating 
and cooling runs.
3k Results and discussion
The decrease in the conductivity o f protonated PANI 
during its life-time is o f imparlance for all potential 
applications. During ageing at elevated temperature, the 
deprotonation of PANI chains is the main cause o f  the 
decrease in conductivity [I]. During this chemical pro­
cess (Schcmc I), the conducting protonated PANI is 
converted into a non-conducting PANI base by the loss 
o f molcculcs o f acid. Complete deprotonation corre­
sponds to a  reduction in the conductivity from 
IO°Scm-1 to  I0~,a Scm -1. Besides that, other, less 
pronounced reactions take placc. These include chain 
degradation and aromatic-ring substitution. They are 
accompanied also by physical processes, like water 
desorption and acid release by diffusion. Here, wc have 
followed the conductivity o f PANI films exposed at 
150 *C, and tried to relate the polymer properties to  the 
changcs in molccular structure, as reflected by FTIR 
spcctroscopy.
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j .  /. Conductivity ageing at elevated temperature
The long-term dccrcasc in conductivity during ageing 
at elevated temperature has been reported in the litera­
ture for another conducting polymer, polypyrrole [22], 
This polymer shows similar properties to PANI in many 
rcspects. Polypyrrole pellets o r coatings deposited on 
various substrates were annealed at elevated tempera­
ture in an ambient atmosphere. The fitting of the 
timc-dependcncc o f conductivity, e(f), according lo a 
stretched exponential o f the ageing time / was successful 
for the equilibrated samples,
( I )
where a0 is an  initial dc conductivity for ageing starting 
al given temperature, t0 is the lime when the temperature 
o f the sample reached the ageing level, r  is the charac­
teristic time o f  the degradation process, and a „ is the 
conductivity o f  the aged film at time lending to infinity. 
This empirical law conclalcs with the model o f  Zuppir- 
oK (23], based on the Shcng model o f charging-energy- 
limitcd tunnelling, originally proposed for granular 
metals. In this model, the conduction is supposed to 
proceed through tunnelling between small conducting 
grains separated by insulating burners [22,24,25]. The 
parameter r  was used lo characterize the stability o f the 
materials under study.
The three PANI salts had original conductivities o f 
7 Scm -1  for PANI H Q , 37 Sent-1 for PANI H ,S 0 4, 
and 2 0 S cm -1 for ΡΑΝΙ·Η3ΡΟ«. Their films exhibit 
a  steady decrease in the conductivity to  the limiting 
value <r„, which characterizes the final conductivity o f 
the film after ageing (Fig. I). In the prescnlcxpcrimcntal 
set-up the value of <r_ was limited lo 2· 10“* Scm -1 . 
Lower conductivities could not be determined by the 
four-point method. Generally, the completely dcproto- 
natcd films would reach the conductivity o f PANI base,
Fig. 1. DC conductivity a  as a function of time for PANI-HCt, 
PANt-HjSt)*, end PANI-HjPO, filins exposed at 150 *C
ca 10" 10 Scm -1 , but this region was not experimentally 
accessible to us.
The time count began with switching on Ihc heating, 
while the data in Fig. I have been plotted just after the 
temperature reached 150 *C and became stabilized. The 
shape of the curve depends strongly on the counter-ion 
which constitutes the salt w ilhPA N l. The conductivity o f  
the PANI Ή  Cl decreases monotonously during the whole 
time period and can be described by Eq. (l)(F ig . I). The 
behaviour οΓ sulfate- and phosphate-containing PA NI 
requires a more complex analysis. Assuming, in the first 
approximation, that there are two consecutivc degrada­
tion processes, both being correlated to the size o f the 
conducting grains, wc can also fi t the conductivity «(/) for 
the second process with Eq. (I). As the two processes have 
been considered as being independent, they were fitted 
independently, each in its own range.
The dibasic suUiiric acid can interact with PANI by 
donating cither one or two protons, the corresponding 
counter-ions being hydrogen sulfate, HSOjf, and sulfate, 
SOS- ,anions, respectively. It is tempting to assign the two 
above processes to  the consequent loss o f each o f these 
two species. Most authors agree that hydrogen sulfate 
counter-ions are exclusively present in PA N I H1SO4 
[26,27]. The mass lo s  aller the deprotonation o f  
PANT-H3PO4 has similarly indicated that the counter­
ions present in PAN I are dihydrogen phosphate anions, 
H 2PO4 [27]. It cannot be ruled out, however, that proto­
nation with these monovalent counter-ions m ay undergo 
a  more complex transformation a t elevated temperature, 
e.g., 2 HSO4 -* S O j' +  H2SO4 t  involving the conver­
sion to bivalent and trivalent counter-ions in the case o f  
sulfuric and phojphoric acids, respectively. This would 
also explain their better stability and improved resistivity 
against deprotonation com pand with hydrochloric acid.
J-?. FTIR xpeetra o f P A N I film s
The conductivity dccrcasc occurring during ageing is 
caused by corresponding changcs in the molccular 
structure o f  PANI, and can thus conveniently be de­
scribed with Ihc help o f FTIR spcctra (Tabic 1). The 
FTIR  spcctra ofPANI-HCI films show a broad absorp­
tion band a l  wavenumbers higher than 2000 cm-1  which 
is typical o f the conducting form o f PANI (see Fig. 2a, 
the spectrum o f the fresh sample). This band is due to  
froc-charge carrier absorption in the doped polymer. 
The main peaks at 1578cm-1 and 1497cm-1 in the 
spcctrum o f  PANI-HCI correspond to quinono- and 
benzene-ring stretching deformations, respectively. The 
absorption band at 1306 cm" 1 corresponds to 7t-clec- 
tron dclocalization induced in the polymer by proton­
ation [28]. The band charactcrislic o f  the conducting 
protonated form is observed a t  1250 cm-1  and inter­
preted as a C—N  * stretching vibration in the polaron 
structure [29], The 1140 cm " 1 band is assigned to
8 6
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Table 1
The positions o f  the main absorption bands in the spectra c f  three PANI salts at 30*Candaftcrtreatmenlat 1 SO *C. The positions o f  the bands o f  
corresponding PANI bases are included h r  comparison
Q B C -N  str. 
in base
C -N  str. C- Ν '*  str. —N H *= str. 
C -H  in pi,
C -H  
out o f  pi.
800-700cm"1 600-500 c m '1
PAN1HC1(J0‘ C) 157K 1497 1375 1306 1250 1140 822,806 708 516
PANIHC1(150*C) 1587 1500 13T9 1308 1236 1155 838 727
I046C -G
PA S l - f ta  hasf 1390 ISOS 1378 131/1 1246 1163. I I  SI S33 712
1017. 957
PAM-HzSO»(3Q *C) 1568 1482 - 1308 1232 1147 807,881 701 S-O 630 C -S
1054 S -O 585, SIS
PAKI-H*S04 (130 «Ο 1S77 1492 1375 1285 1217 I1S7, 1124 831 707 630 C -S
1054 S -O 523,585
PANt'HsSOe base? ISMU 1502 1377 130H. 1316 1246 1165. 114ft It33
PANTHjPO* (30 * 0 1574 1487 1307 1248 1142 806.82S 709 517
918,962 881
PANI-HjPO« (150*C) 1S87 1500 1382 1283 1228 1008 P -O 825 711 526,499
1144,1121
972
ΡΛΝΙΗ,ΡΟ, bau? 1S90 1504 1376 1329.1313 1243 1162. 1151 K33
960
Q = quinonoid rim vibration, B =  benzenoid ring vibration, str. =  stretching vibration, in pi. = in-plain vibration, and ant ofp l. °  ont-of-ploin 
vibration.
* Obtained by deprotonation with 1 M ammonium hydroxide.
W avsnimbois, cm·'
Fig. 2. KTIR spcctra οΓ PANI-HCl film gram  on silicon, measured at 
■noticed thnes during two heating runs to ISO *C (a) and the 
comparison of the original and final spectra (b).
a  vibration mode o f the — NH structure, which is
formed during protonation [30].
W hcnPA N I fitm sarctrcatcd with un alkali, thegrccn 
conducting emeraldine form converts to a  blue non­
conducting emeraldine base (Schcmc I). The 1578 and 
1497 cm " 1 modes in PANI hydrochloride show a blue 
shift to  1590 and 1505 cm -1 in the PANI base. The band 
at 1378cm-1 is attributed to a  C —N stretching in the 
neighbourhood ofaquinonoid ring. The 1308 cm -1 band 
is assigned to Ihc C —N  stretch o f a  secondary aromatic 
amine whereas, in the region o f 1010—1170cm-1, the 
aromatic C - H  in-planc bending modes are usually- 
observed. Out-of-plane deformations o f C -H  on 
1,4-disubslituled rings are located in the region o f 800— 
880 cm -1 [28,31].
The spcctra o f the films prepared in the presence 
o f sulfuric o r phosphoric acids, PANI-H2S04 and
ΡΑΝΙΉ.1ΡΟ4, differ from the spcctrum o f PANI hydro- 
chloridc in some features (see Figs. 3a and 4a, Ihc 
spcctra o f the fresh samples). The positions o f the main 
absorption bands in the spcctra o f the three PANI salts 
at 30 *C, and after treatment at ISO °C, arc summarized 
in Tabic I . The 1578 and 1497 cm-1  modes observed in 
the spcctrum o f PANI hydrochloridc are red-shifted to 
1568 and 1482 cm -1 in the spectrum ο  Γ PANI · H3SO4 and 
to 1574 and 1487 cm -1 in the spcctrum 0 ΓΡΑΝΙ.Η3ΡΟ4. 
This signifies lhal films prepared in the presence of 
sulfuric acid are more protonated than films formed in 
phosphoric acid and that films of PANI hydrochloridc 
are less protonated than both the other films. This is in 
agreement with the values o f the conductivities o f the 
fresh films on g la s  supports measured in an ambient
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Fig. 3. FTIR spectra o f  PANIH3SO4 film grown on silicon, measured 
at marked times during three runs to  1 SI *C (a) and the comparison o f  
tbe original and final spcctra (b).
atmosphere a t 25 °C. The band a t 1375cm- ', attributed 
to a C —N stretching in the neighbourhood ofa  quinonoid 
ring, and typical for Ihc spectrum of the PANI base, is 
observed only in the spoclrum of PANI-HCI. The bands 
found in the spcctrum of PANI-HG al about 1250 
and 1140cm"1 arc more pronounced in Ihc spcctra of 
PANI-H2SO4 and PANI H 1PO4. Some differences are 
observed in the region o f the C —H in-plane and out-of- 
planc deformation vibrations in the spcctra of these Iasi 
samples. As has been shown in Ref. (32], thegrow thofthe 
polymeric backbone can be modified by the surrounding 
reagents. Sidc-rcar lions randomly affect the quinonoid or 
benzenoid segments, thus constantly changing the chain 
structure during PANI synthesis.
3.3. Spectroscopic evidence o f deprotonation 
during ageing
The basic causc of the conductivity dccrcasc consisu 
in the deprotonation of PANI (Schcmc I). Figs. 2a—4a 
display Ihc FTIR  spcctra o f PANI films doped with 
various acids and their transformation during heating at
Fig. 4. FTIR spcctra or PANIHiPO« Him grown on alioon measured 
at marked times dnriqg three rims to 130 * C (a) and the comparison of 
the original and final spcctra (b).
150 °C. Aller annealing al 150 °C, the intensity o f Ihc 
broad band at wavenumbers above 2000 cm -1, charac­
teristic o f the conducting form of PANI, decreases for all 
films, reflecting the dccrcasc in the conductivity (Fig. 1). 
By comparing the infrared spectra shown in Figs. 2a—4a, 
one can see that H 2S 0 4 and H iP 04 arc belter dopants in 
terms o f conduction stability than HCI. The film doped 
with H Q  has been dcprotonalcd in two runs during 
650 min in total. The film doped with H3PO4 has been 
dedoped, only after three similar runs during 960 min. 
The film o f PANIH^SO* has not lost the protonaling 
acid even after such treatment.
The degradation οΓ the films doped by different acids 
is well documented by the changcs in the spcctra ob ­
served at wavenumbers below 2000 cm-1. These changcs 
correspond to deprotonation during the thermal anneal­
ing of the films (1]. Figs. 2b -4 b  display the FTIR 
spectra o f PANI films doped with H Q , H 1 SO4 , or 
H.1 PO4 , annealed al 150 °C in air, before and after the 
thermal treatm ent The positions o f the bands in the 
FTIR  spectra shown in Figs 2b—4b, together with these
8 8
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positions in the spcctra o f corresponding PA NI bases 
obtained by treatment with ammonium hydroxide, arc 
summarized in the Tabic I . The spectra o f ail bases arc 
practically identical.
The vibrational bands characteristic o f the polymer 
backbone in PANI-HCI at 1578 and 1497cm are 
shifted to IS87and 1500 cm -1 (sec Tabic I) after anneal­
ing at ISO *C, indicating a dcprotonation process. In the 
spcctrum o f PANI-HjSO* these peaks are shifted from 
1568 and 1482 cm-1  to 1577 and 1492cm-1, in the 
spcctrum of PANI-HjPO« from 1574 and 1487cm-1 to  
1587 and 1500 cm-1. The positions o f these peaks in 
the spcctrum o f the PANI base obtained directly by 
dcprotonation using ammonium hydroxide is 1590 cm " ' 
and 1505 cm-1  for the hydrochloride, 1588 cm -1 and 
1502 cm -1 for the sulfate, and 1590cm - '  and 1505 cm -1 
for the phosphate. This indicates that dcprotonation by 
thermal treatment is not complete in any sample (Table 
I). The peak at about 1240 cm -l in Ihc hydrochloridc and 
1245 cm -l in the sulfate und phosphate, corresponding to  
the protonated forms, is suppressed us the agcinggocson. 
This means that marked dcprotonation took place in all 
the samples. The band at about 1140 cm-1 , due primarily 
to  C -H  in-planc deformation, has been used by Chiang 
and MacDiarmid (30] as a  measure o f the extent o f 
electron dclocabzation in the polymer. The intensity o f  
this peak is therefore to be considered as a measure of the 
degree o f doping of the polymer backbone (30].
3.4. Other chemical changes and stability
The nature o f the structural modifications which are 
introduced during thermal treatment in PANI-HCI has 
already been reported (33}. Chemical changcs observed 
a l elevated temperature includc the elimination of HCI 
on the imino groups and the simultaneous chlorination 
o f  the aromatic rings. The new band observed a l
1044 cm -1 is characteristic o f skeletal vibrations o f 
halogen-substituted aromatic rings and it is due to  
orrto-substiluted rings (34]. The presence of a significant 
amount o f chlorine bonded to aromatic rings in the 
polymer leads lo u decrease in electronic conjugation 
and dccrcasc in the conductivity. No additional changcs 
o f  PANI structure, like Ihc oxidation producing car­
bonyl groups, haw  been observed.
FTIR spectroscopy has been used (35] to  determine 
the practice o f  sulfoxy groups attached to the aromatic 
rings, in order to prove whether o r  not a  partly 
sulfonated PANI was obtained. These groups could 
result from peroxydisulfate radical attack o f the benzene 
ring: The peak at 1054cm-1 (Table I) due to S = 0  
stretching confirms the prcscnoc o f sulfonic groups in 
the PANI base (36], The S—O stretching band is seen a t 
701 cm-1  and the peak at 630cm -1 is for the C -S  
stretching-vibration mode. Similar ring-substilution by 
the phosphonic group in o f PA N I-H jP04 is demon­
strated by the occurrence o f a  new peak at 1008 cm-1 
observed in the spcctrum o f the film after thermal 
treatment (36).
4. Conclusions
In-situ polymerized PANI films doped with H Q , 
H2SO4 o r  HjPO* were annealed at 150 *C. A simple 
dccrcasc in the conductivity o f films has been observed 
with PA NI hydrochloridc. PANI sulfate and phosphate 
were more stable and the degradation o f  their conduc­
tivity proceeded in two consecutive steps. Simple models 
based on the exponential decay o f the conductivity fit 
the experimental data well.
The decrease in the conductivity during ageing is 
mainly caused by gradual dcprotonation of the film, as 
observed by infrared spectroscopy. Chloride, sulfate, o r 
phosphate counter-ions influence the thermal stability of 
films. It was found that conductivity stability increased 
as PANI-HCI <  PANI-H3P 0 4 <  PANI H,SO<
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4.2.2. Conformational Transitions in Polyaniline Films -  Spectroscopic 
and Conductivity Studies of Ageing [R7]
The conformational state of the PANI chains affects the kinetics and probability 
of various degradation processes. Differences in the conductivity decrease of the 
protonated PANI were observed with a series PANI films at different temperatures. A 
dramatic change in the resistivity dependence on time was observed when temperature 
of ageing exceeded 85 °C. As the glass-like transition at about 70 °C had been 
previously reported in the literature in the case of the bulk sample degradation [Ding et 
al. 1999], it is believed that the this effect can be caused by a similar mechanism. In 
order to understand the processes that are connected with this transition on molecular 
and macromolecular levels, the temperature dependence of PANI IR spectra was 
measured. The accompanying changes in the molecular structure of both PANI 
hydrochloride and corresponding alkali treated films deposited in situ on silicon 
windows were studied by FTIR spectroscopy. The time dependence of resistivity was 
measured at various temperatures around 80 °C. The temperature dependence of the 
films FTIR spectra of films was monitored in the range 20 -120  °C.
The gradual deprotonation of the PANI hydrochloride film was proved by the 
FTIR spectroscopy during ageing. Unfortunately, the changes in the FTIR spectra 
connected with the deprotonation interfered with the more subtle distortions of the 
spectra due to the conformational transition and the changes related to the 
conformational transition could not be properly identified. This difficulty was solved by 
using the alkali-treated sample in the additional FTIR measurement. The measurement 
of the PANI base then proved the presence of the transition around 80 °C. As the 
transition is observed in the PANI base form, we can conclude that this feature is an 1 ± 
inherent property of PANI and is not influenced by the nature of protonating acid. The 
changes in the conformation thus influence the dedoping of the protonated form of 
PANI and may cause the different behavior of the resistivity under and above the 
transition temperature.
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A bstract
Polyaniline films were in d u ced  in xiiu al room temperature from aniline hydrochloride o iid tted  with ammonium peroxydisul Tide on glass 
surfaces immersed in an aqueous reaction mixture. A notable change in ihe character cf  ihe lim e dependence o f resistivity at fixed tem peratm  
was observed vrfien ihe temperature of ageing exceeded 85 ° C  The ageing was much faster above ihis Kmii. This observation is  reflected in the 
FTIR spectroscopic measurements on the aged protonated, as well a s  depmtonaied. sample··. The FTIR spectral variation may b e  explained by 
a  conformaticnal transition o f the polymer chain al about 83 *C. The fad  that a  similar transition has been lound with deprotonated samples 
indicates that Ihis feature is an inherent piqierty  o f polyaniline, and is not caused by the a d d  component o f Ihe RANI salL 
©  2007 Elsevier Lid. All rights «.served.
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1. Introduction which sets fundamental restrictions to possible technical appli­
cations. Bccausc of the nano-scalc thickness of the films, their 
Polyanilinc (PANI) is an intrinsically conducting polymer thermal degradation is expected, and indeed observed [5], to
which has been widely studied due to hs good environmental be faster than that of bulk samples. The change at the molcc-
stability, redox propcnics, and rcvcisihtc acid—base switching ular level, manifested by the gradual conversion of the ΡΛΝΙ
of its electrical conductivity [II. Many applications of PANI, salt to PANI base (Fig. I), is the main process controlling
like sensors, requite thin films. Deposition of thin conducting the level of conductivity [61. The conductivity degradation
films of PANI may be achieved by in  s itu  chemical polymcri- of protonated PANI is linked to the effect of the surrounding
zation[23].Thcstnicmralandelectricalstabilityofsuchfilms atmosphere and of the temperduie. It is a conscqucncc of 
is of substantial imponancc, bccausc m  a m  polymerization of a complex combination of structural changcs, such as depmto-
anilinc has often been used for the surfacc modification of var- nation, loss of conjugation, oxidative processes, crosslinking,
ious substrates [4|. There arc only a few studies [5—71 con- and other chcmical reactions on PANI chains (chlorination,
ccming the conductivity stability of PANI films grown on sulfonation) [8], The combined effects of the temperature
various surfaces. The decay of die electrical conductivity and humidity on the conductivity ageing of PANI hydmchlo-
with time under environmental conditions is a phenomenon ride films have also been investigated [9],
The most obvious mcdtanism of conductivity dccrcasc is
----------- based on the deprotonation of PANI (Fig. I ), i* . the loss of
• Cautspmdlsg auhot Depantnem of Structure Aiulyus. Institute of Mac- acid m a c u la .  More subtle changcs may be caused by the rc-
romdecttla/ Chemútiy. Academy of Sciences of ihe Cxcdi Republic. Heyim- . n4VIB , . . .__ .
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Fjg. 1. N y tn ittic  hydrochloride is c o n tn cd  to polyaniline hue  by kulqg 
«cid motccule» (ΗΛ) when exposed to dcvalcd temperature.
modified in two ways. The first is inherent to the polymer and 
occurs independently o f ageing conditions, vacuum or air. h 
consists of crosslinking through tertiary amine groups created 
from imine nitrogens after the breaking of double bonds. The 
sccond mechanism depends on external conditions that occur 
concomitantly upon ageing in air. It is based on oxygen incor­
poration as caibonyt groups and in the oxidative chain scission 
[10]. When PANI hydrochloridc is annealed in vacuum, oxida­
tion of the polymer bxkbonc can be negligible. The resistivity 
incica.se is explained as HCl-dcdnping [11|. Generally, the sta­
bility of the former form varies with the nature of the associ­
ated protonic acid [12-15]. The protonated ΡΛΝΙ is 
chemically significantly less stable than the emeraldine hase.
Besides the chemical changcs, conformational transitions 
may also become operative. Ttoo glass-like transitions, at 
~70°C  and ~250°C, in emeraldine base powder wcic 
observed by using modulated differential scanning calorimctiy 
[14], These results demonstrate that the conformational struc­
ture is changed by thermal treatment. Other transitions could 
be due to the loss of water and solvent molccules causing 
a change in the hydrogen bonding [17].
Geometric changes inducod by doping can be studied by IR 
and Raman spectroscopies [ 18]. These methods are efficient 
tools for assessing the changcs in the molecular structure oc­
curring during ageing. The stability o f ΡΛΝΙ doped by various 
inorganic salts has recently been investigated by using FTIR 
spectroscopy [7|. In order to understand the conductivity de­
crease of the protonated ΡΛΝΙ during heating, and the kinetics 
of this process, we haw examined the conductivity of a series 
of ΡΛΝΙ films protonated with hydrochloric acid. The accom­
panying changcs in the molecular sttucturc of both ΡΛΝΙ hy­
drochloridc and corresponding deprotonatcd films deposited in 
situ on silicon windows have been studied by FTIR spectros­
copy. and the results are reported in the present study.
2. Experimental
2.1. Preparation polyaniline films
Polyaniline films were produced at room temperature on 
supports immersed in a freshly prepared aqueous mixture
containing [3,19] 0.2 M aniline hydrochloridc (Fluka, Switzer­
land) and 0.25 M ammonium peroxydisulfate (Lach-Ncr, 
Czech Republic). Polyaniline films were grown on silicon win­
dows, 24 mm in diameter, used for the FTIR spectroscopic 
measurements, and on disc-shaped glass supports, 13 mm in 
diameter, for the conductivity determinations [20,211. The pro- 
tonatcd ΡΛΝΙ obtained after the polymerization was convened 
into the corresponding base by immersion in water fallowed by 
I M ammonium hydroxide. The films produced in situ on glass 
have a thickness of the otdcr of hundreds of nanometres [3,20|.
22. Conductivity
The conductivity was measured by the four-point method in 
the van der Pauw configuration of contacts. The measurement 
set-up includes a current source Keithley 238, a scanner Keith- 
Icy 706 with switching cards, and a Solurtron-Schhimbergcr 
70S I Precision Abltmeter. To test the stability of conductivity 
at an elevated temperature, the samples were placed in a Her- 
acus—VStsch VMT 07/35 chamber operating with a tempera­
ture stability of ±1 "C. The temperature of the pclleis, 
recorded with a thermocouple and a digital multimeter Keith- 
Icy 195A DMM, was checked before and after each conductiv­
ity reading. The energy dissipated in the sample during the 
measurement was kept as low as possiblc, so the sample tem­
perature was not elevated due to the Joule effect. The conduc­
tivity was again measured at 20 °C and then the temperature 
wus elevated during about 1 h to the required temperature.
23. Fourier-transfarm infrared spectroscopy
Fourier-transform infrared (FTIR) spcctra of the films de­
posited on silicon window's were recorded with 64 scans per 
spectrum at 2  cm-1 resolution with a fiilly computerized 
Brukcr IFS 55 Equinox FTIR Spectrometer in the range 
400-4000cm-1 with DLATGS detector. The spcctra were 
corrected for the presence of moisture and carbon dioxide in 
the optical path. An absorption subtraction technique was ap­
plied to remove the spectral features of the silicon substrate.
The spectral measurements were carried out on PANI films 
deposited on silicon windows during the heat treatment in air. 
A variable tcmpcrature-comrollcd cell (Specac, UK) was used 
for temperature control. Watcr-cooling minimixed the transfer 
of heat from the accessory to the spectrometer and helped to 
stabilize the temperature. The temperature of the samples 
rose from room temperature to 120°C and the spectra were 
measured at increasing temperature (20-120 °C) and then 
again after cooling to 20 °C. The time intervals between two 
subsequent measurements were 20 min for the +10 °C tem­
perature interval, 8 min for the +5 °C interval, and 7 min for 
the +2 °C interval. The cooling to 20 "C took I h. The sample 
temperature was equilibrating for 2 min before each measure­
ment. The PANI base was measured twice in two days and the 
sample was held at a temperature of 120’C for 2  h between 
the first and second measurement.
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3. Results and discussion
3.1. Conductivity measurements
The resistivity, R, as well as the deviation of the resistivity, 
ΔΧ, was recorded as a function of time, /, during ageing at var­
ious fixed temperatures (Figs. 2 and 3). The value of the statis­
tical deviation is based on multiple resistivity leadings at 
various dcctrodc combinations during a fixed time interval. 
At the start of ageing, the relative error of the resistivity deter­
mination was less than 0.1 %. It is rcmaikabtc that, with many 
samples, before the ageing temperature was readied, this devi­
ation often decreased at first This probably means that the 
sample became more homogeneous from the structural and, 
consequently, also from the conductivity point of view [22|. 
After some time of ageing, the deviation of conductivity deter­
mination started suddenly to grow (Fig. 3). When it cxcccded 
a pre-set value, usually of the order of 10%, the experiment 
was terminated because further values of resistivity were re­
garded as being biased. We believe that the increase in the de­
viation of measurement reflects changcs in the material 
structure of the PANI samples, eg., the statt of the occurrence 
of inhomqgcncitics or mechanical cracks or both. This means 
that the material properties, rather than clectrical properties, 
mainly determine the practical life-time of thin PANI films.
A dramatic change in the character o f the R vs t curves was 
observed when the temperature of ageing cxceoded 85 *C. 
This change was reflected also in the lime dcpcndcncc of 
ΔΑ. We bdieve that this cffcct is causcd by some type of tran­
sition occurring at about 85 ®C. This hypothesis is strongly 
supported by the measurements of FTIR spcctra discussed 
bdow. Relative changes in the dcpcndcncc of the resistivity 
on the square root of time have been described in the literature 
as being linear. This behaviour was experimentally confirmed 
for shon times of ageing (up to 40h) f23|. The time dcpcn­
dcncc of λ  for longer times of ageing is better approximated 
by an exponential law, Xocxplfr/r)0'5!, where r  is a character­
istic time Γ23] and Ro is the resistivity at the beginning of
Fig. 3. Dcpcndcncc o f (he deviation. AJ?. o f icsislivity <n lime. /. recoded far 
PANI film exposed io wrkms temperatures.
experiment. The evaluation of present measurements done in 
the temperature interval from 70 to 85 °C and for ageing times 
/  >  40 h gives r  =  13-19 h (Fig. 4, the linearity of log R vs ř 's 
is demonstrated in Fig. 5). This value is not too far from the 
value of 17 h reported for polypyrrole [23].
We have analyzed the experimental curvcs in the range 
from about 1.5 to about 40 h o f ageing according the equation 
R/Ro= a + h X f .  The values of parameters a, b, and c arc 
summarized in the Table I. Wc con conclude that, for a short 
time of ageing, the curves are well described by a linear de­
pendence fc =  I, Fig. 6 )but, for an ageing temperature higher 
than ~85 *C, the curvcs arc better approximated by a para­
bolic law (c =  2, Fig. 7).
The main reason for the increase in the resistivity is con­
ncctcd with the changc o f PANI at molecular level, i.e. by de- 
protonation of PANI Γ6] (Fig. I). The changes in the 
macro molecular structure, i.e. the degradation of the PANI 
backbones, occur at a much higher temperature, above 
400 "C [24,23], and the decrease in molccular weight of
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F(g. 3. Logarithmic dependence of mhlK ily of B\NI film, R. on square root 
of time, P 1. IoiT<8]*C and fits of experimental data.
PAN I caused by chain scission is not the main factor affecting 
the conductivity [6|.
3.2. FTIR spectroscopic measurements
3.2.1. PANI hydrochloride
FUR spectra of the ΡΛΝΙ hydrochloridc film measured be­
fore the healing (original film), and after reaching 120°C and 
cooling to ambient temperature arc shown in Fig. 8. The infra­
red spcctrum of the original PANI hydrochloridc film shows 
a brood absorption band at wavenumbers higher than 
2000 cm "1 which is typical o f the conducting form of PANI 
[26,27]. This band Ls due to the absorption of free charge- 
carricrs in the doped polymer. The main peaks at 1581 and 
1496 cm-1 in the spcctrum of PANI hydrochloridc correspond 
to quinonc- and bcnzcnc-ring stretching deformations, respec­
tively. The ahsorption bond at 1304 cm-1 corresponds to π - 
clcction dclocalization induccd in the polymer by protonation 
[27|. The band characteristic of the conducting protonated 
form is observed at 1248 cm "1 and interpreted as a C - N 1" 
stretching vibration in the polaron structure. The 1144 cm-1 
band is assigned to a vibration mode of the —NH1 =  structure, 
which is formed during protonation [28|.
The basic cause of the conductivity decrease is the deproto­
nation of PANI film [7]. The transformation of the infrared spcc­
trum of PANI hydrochloride is demonstrated by comparison of
láblc i
Hie cvalu*« of Ihe time dependences of n in lril}  chans» 8/Ro of PANI 
üb»  aged at fempeiatmc, T, Bun I J  to 40h evaluated according to the re­
lation SIKo^a ~ b  \ f .  where a. b. and c ate parameters
T  r o a b c
71 1.66 3 i ) x l 0 ' J 1.18
7J 1.31 4 i ) x l 0 J 1.05
H 1.43 4J tx  I0-4 1.21
X! S.QS 6 2  X IO“10 2.2ft
89 4.66 2.7 X  10"* 2.1ft
91 6.23 4.9x 10-'® 2.38
Fig. 6. lime dependence of resistivity f f f c r l 3 h < i < 4 0 h  and tcDipcrmrcs 
T < KS "C and flu of experimental data accordiqg to I t= Kotß+ b x t i .  using 
die puanetos a. b, and t  summarised hi Thhle I.
the spcctra measured before and after heating to 120 ®C and 
cooling back to ambient temperature. The imensity of the 
broad band at wavenumbers above 2000cm-1 (characteristic 
o f the conducting form of PANI) decreases, reflecting the de­
crease in the conductivity after heating to 120°C (Fig. 8). 
The degradation process o f the PANI hydrochloride film is 
well documented by the changes in the spectra observed at 
wavcnumbcis below 2000 cm-1. These changcs correspond 
to deprotonation during the thermal annealing process in 
the films [7]. The vibrational bands characteristic o f the poly­
mer backbone in PANI hydrochloridc at 1581 and 1496 cm-1 
are shifted lo 1585 and 1500 cm-1 in the infrared spcctrum 
of film which was heated to 120"C and then cooled to 
ambient temperature, indicating a deprotonation process. 
The band at 1378cm-1 is attributed to a C—N stretching 
in the neighbourhood of a quinonoid ring and it is typical 
o f the PANI base. The intensity of this peak increased after 
heating. The prcscncc of this peak in the spectrum of ihc
Fig. 7. Time dependence of resistivity ff for 1.3 h < i  < 40 h » d  temperatures 
7  > 87 *C and fits of experimental data according to J?= Ro(fl + fc x /)  itsing 
the parameters a, b, and t  summarized in Table I.
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Wavenumber·, cm"1
Fi£. 8. FTIRspcclmorihc M M  hydrodibride film deposited m situ on a ajl- 
icoa window measured helve beating (oigbal film), and after heding to 
130 'C and cooling lo the ambient temperature.
original Aim signifies that the protonation was not high. The 
intensity of the peak at about 1248 cm-1, corresponding to the 
protonated forms, is reduced but net completely suppressed as 
the ageing goes on. This means that the deprotonation in the 
sample during heating was not complete. The intensity of the 
broad band at about 1140cm-1 (which reflects the degree of 
dopingof the potymer backbone and has been used as a measure 
of electron ddocalization in the polymer, as suggested by 
Chiang and MacDiarmid [28|l decreased significantly and 
became narrower after heating. This band Ls primarily due to 
the aromatic C—H in-plane deformation in the spectrum of 
ΡΛΝΙ base.
The nature of the structural modifications which arc intro­
duced during thermal treatment of PANI hydrochloridc has 
already been reported [71· Chemical changes observed at ele­
vated temperature included the elimination of HCI from the 
protonated imino groups and the simultaneous chlorination 
of the aromatic rings [29|. The presence of a significant 
amount of chlorine bonded to aromatic rings in the polymer 
may lead to a decrease in the electronic conjugation and a de­
crease in the conductivity. A new weak band at 1044 cm "1 
(which is characteristic of skeletal vibrations of halogen- 
substituted aromatic rings) was not found in the spcctra of 
our samples after heating. The ring-chlorination, however, 
cannot be the only cause of the ageing that also takes in 
PANI film protonated by acids other than hydrochloric.
The temperature dcpcndcncc o f the ratio of the integral in­
tensities of the bands associated with the benzenoid and quino­
noid units in the spectrum of PANI hydrochloridc shows 
a maximum close to 80 ’C (Fig. 9). which corresponds to the 
changcs in resistivity described above. The Anal cffccl of the 
heat treatment on the spcctrum of PANI base Ls manifested 
by the decrease in the 1583/1502 cm"1 band intensity ratio. 
An analogous maximum and dccrcasc was observed in the re­
peated experiment. Wc suggest that the deprotonation con­
tinues by the same mechanism as in the case of the first
Temperature, *C
Fig. 9. H e  temperature dcpcndcncc of the ratio o f  the integral intensities of 
the bands undated with (he benzenoid and quinoaoid units ofPANI hydro­
chloride film deposited in tin t on a silicon window.
heating. The liberation of the acid and its diffusion from the 
polymer is an important mechanism responsible for the conduc­
tivity degradation observed [30].
3 2 2 . PANI base .
In order to explain the presence o f the maximum at 80 °C, 
wc have analyzed the temperature dependence of the FTIR 
spectra of the depnxonated sample. When PANI films arc 
treated with an alkali, the green conducting emeraldine form 
converts to a blue non-conducting emeraldine base (Fig. 1). 
FTIR spcctra of PANI base (deprotonatcd PANI hydrochloridc) 
film, deposited in situ on a silicon window, measured before 
heating (original film) and after ageing at 120 °C and cooling 
to ambient temperature in air, arc shown in Fig. 10. The changcs 
in the structure due to the conversion of emeraldine to its base 
form arc reflected in the infrarod spcctrum (Fig. 10, original
96
Wavenumber e, cm*1
Fig. 10. FTIR spectra of the fi\NI hase obtained by the dcpcot>aslia& of PANI 
hydrochloride films, spcctra o f which are shown in Fig. ft.
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film). The 1591 and 1508 cm-1 modes in the spectrum of PANI 
base arc hluc-shifted from their positions at 1581 and 
1496 cm-1 in the spectrum of PANI hydrochloridc. Ihc posi­
tions of these peaks in the spcctmm of the samples of PANI 
hydrochloridc heated to 120 "C arc 1585 and 1500cm-1. 
This supports our previous indications that deprotonation by 
the thermal treatment employed heic was incomplete. The 
band situated at 1378 cm-1 (attributed to a C—N stretching 
vibration in the neighbourhood of a quinonoid ring), which is 
typical for PANI base, is well observed in the spcctrum of 
a de protonated sample. The band at 1309 cm-1 is assigned to 
the C -N  stretch of a sccnndaiy aromatic amine whereas, in 
the region of 1010— 1170cm-1, the aromatic C—H in-plane 
bending modes are usually observed. Out-of-planc deforma­
tions of C—H on 1,4-disubstituted rings are located inthe region 
of 800-880 cm "' [31-331.
The temperature dependence of the ratio o f the integral in­
tensities of the bands associated with the benzenoid and quino­
noid units o f PANI base film deposited in situ on a silicon 
window (the first and the sccond heating), is shown in 
Fig. 11. It differs from the case of PANI hydrochloridc (cf. 
Fig. 9). There is no maximum at 80 °C but a break is seen 
in the slope at this temperature during the first heating. The fi­
nal effect of the fint heat treatment on the spectrum of PANI 
hase is manifested by the decrease in the 1583/1502 cm-1 
band intensity ratio. The observed break is aocompanicd by 
some spectral changes observed also at 80 °C. Two shoulders 
situated at about 1333 and 1146 cm-1 in the spcctrum of the 
depratonated sample disappeared at about this temperature 
during heating to 120 ®C. The bands corresponding to C—N 
stretching vibrations arc observed at several positions: at 
1378cm-1, as a shoulder at 1333cm-1, and the hand at 
1309 cm-1, revealing the presence of more various structural 
segments in PANI. Kang et al. attributed the 1378 cm-1 
band to C—N stretching in QB,Q unit (B, denotes rnvM-benze- 
noid units) [34, 351. The shoulder at ~  1333 cm-1 is observed 
also in the. spcctrum of PANI hydrochloridc. This frequency
was reported as due toC ~ N  stretching andC—H deformation 
vibrations in scmi-quinone structure (SQ) in ihc emeraldine 
salt (~  denotes bond intermediate between ihc single and 
double C -N  bond) [361 ■ This shoulder disappeared al the tem­
perature about 80 °C. The band at 1300cm-1 Ls assigned to 
C—N stretching of secondary amine in QB<Q, QBB and 
BBQ units (Be denotes ctt-benzcnoid unit) [35]. The broad 
band observed in the spcctrum of PANI hydrochloridc at 
~  1140cm-1 has been assigned to the vibrations of the 
charged polymer units Q=NH+—B, i* . to a vibration mode 
of the -N H +=  structure produced by protonation. This indi­
cates the existence of positive charges on the chain and the dis­
tribution of the dihedral angle between .the quinonoid and 
benzenoid rings [28], According to Colomhan et al. [37] this 
band (its position and shape) is connected with a secondary ef­
fect, i-i. the presence of hydrogen bonds between the proton­
ated and amine or imine groups in PANI. In the undoped 
polymer, the intensity of this band would be very weak [38], 
Wc observe a maximum at 1166 cm-1 which is primarily 
due to the aromatic C—H in-plane deformation [39] and 
only a sharper shoulder at 1146cm-1 in the spcctrum of 
PANI base. This shoulder disappeared οι the temperature about 
80°C after heating to 120 °C. No break in the slope of the 
temperature dependence of the ratio of the integral intensities 
o f the bands associated with the benzenoid and quinonoid 
units has been observed during repeated heating of the dcpro- 
tonatcd PANI sample.
As we have observed by infrared spcctroscopy, the chemi­
cal and also thermal deprotonation were not complete. Full de­
protonation can only be achieved by using strong alkali, such 
as potassium hydroxide solution, for extended time intervals, 
instead of a short treatment with the weak base, ammonium 
hydroxide. Wc suppose that the evaporation and degradation 
of the residual acid dopants and their segregation from the 
polymers, which is responsible for the conductivity degrada­
tion, is influenced by the changcs in the PANI structure which 
takes piaoc. at the temperature about 80 ®C. The spectral and 
integral changcs observed by FTIR spcctroscopy at this tem­
perature correlate well with a dramatic change in the character 
of the R vs t  curvcs (Fig. 4).
Several authors have proposed that the final decrease in the 
I58.V1502 cm”1 hand intensity ratio is due to a crosslinking 
reaction in the PANI base which may take placc during 
annealing [30.40—421. The influence of oxygen manifests it­
self by acceleration of the crosslinking process [ 10]. The pres­
ent results suggest that, in addition to the crosslinking of 
PANI, the evaporation and degradation of the residual dopants 
and their segregation from the polymer is an important 
mcchanism responsible for the conductivity degradation 
observed [301.
Polyanilinc undergoes a conformational transition at about 
80 °C. It could perhaps be interpreted as an analogue of 
a glass-transition, as reported in [16]. Polyanilinc is produced 
in aglassy state, the conformation of polymer chains being con­
trolled and locked by the conditions of polymerization, 
especially its temperature. At temperatures over 80 °C, above 
the ' ‘glass-transition", ihc structure relaxes. The original and
97
Temperatur·, *C
F g. I I.Tbe temperature dependence o f ihe raio o f the integral intensities of 
the beads auocueed with the bemencrid aad quinoaodd ante of R\N1 bases 
fikn after tile first and the .woad heating to I20"C
434 /. íe ť jrfo w f Λ  al. I  Poly im r D cgnxtiion and Stability 91 (200S) 42X-4SS
relaxed systems have different properties with respect to the 
diffusion of kjw-molcciilar-weight species and, consequently, 
different rates of ageing. It is reasonable to assume that the 
diffusion in the glassy system would be slower than in the 
relaxed one: this would explain the increased rate of ageing 
over RO °C.
4. Co dc hi skins
In siu  polymerized ΡΛΝΙ hydrochloridc film was aged at 
various fixed temperatures up to 120 °C in air. The dccrcasc 
in the conductivity during ageing is mainly caused by gradual 
deprotonation of the film, as is confirmed by infrared spcctros­
copy. It has been observed, however, that for short times of 
ageing the resistivity is a nearly linear function of time for 
temperature region 7'<RS°C, and it is nearly a parabolic 
function of time in the region T>R5°C. For long times 
(>40 h) we have observed that resistivity obeys an exponential 
law as described by [23] only for a low temperature of ageing. 
The structural transition found at about 85 eC by DC measure­
ments in [16] on PANI base has been confirmed by FTIR spec­
troscopic measurements. It is suggested that the release of acid 
from the PANI is an important mechanism responsible for the 
conductivity degradation observed.
The structural transition found at about 85 °C has been con­
firmed by the break in the slope of the temperature dependence 
o f the ratio of the integral intensities of the infrared spectral 
bands associated with die benzenoid and quinonoid units o f 
PANI base observed at this temperature. This means that the 
changes in the structure or conformation at ~80°C m ay influ­
ence the dedoping of the protonated form of PANI. This fea­
ture is an inherent property of PANI and is not influenced 
by the nature of the protonating acid.
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4.2.3. Infrared and Raman Spectroscopic Study of the Thermal 
Degradation of Granular and Nanotubular Polyaniline films [R8) 
The stability of the P ANI films prepared under different conditions leading to 
different morphologies (Figure 12) has been tested at elevated temperature. Samples of 
different morphologies were deposited on the silicon windows and studied by the 
infrared and Raman spectroscopies as fresh samples and during three months of ageing 
in open air at the temperature of 80 °C. The spectra of two samples with nanotubular 
structure, prepared in water and in acetic acid, were compared with the spectrum of 
granular P ANI film prepared in sulfuric acid solution. 
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Figure 12. Polyaniline films prepared (left) in 0.1 M sulfuric acid and (right) in water 
deposited in situ on the silicon window (top) before and (bottom) after ageing at 80° C. 
The morphology of the samples is preserved during the degradation but the 
molecular structure has changed as it is reflected in the infrared and Raman spectra. 
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Figure 13. FTIR spectra of the PANI salt (top) and PANI base (bottom) films prepared 
in 0.1 M sulfuric acid (left), and in water (right) deposited in situ on the silicon window 
and alkali-treated, measured at the beginning of ageing and after 5,9 and 13 weeks.
The changes in the infrared spectra of the films prepared under different 
conditions after treatment at 80 °C during three months correspond to deprotonation, 
oxidation and thermal transition due to the chemical cross-linking reactions among 
PANI molecules (Figure 13). The films obtained in water (or in the presence of acetic 
acid) are more stable than those prepared in the solutions of sulfuric acids. The films of 
PANI salts loose their protonating acid. Polyaniline bases are more stable than the salt 
forms. In PANI bases the dedoping of the remained protonation at the beginning is 
observed. Later, the desulfonation and structural changes proceed. The incorporation of 
oxygen into the PANI chains is comparable in all samples. The crosslinking reaction is 
emphasized in the strongly protonated sample, PANI sulfate. The molecular structure 
corresponding to nanotubular morphology, which contains the crosslinked, phenazine- 
and oxazine-like groups, is more stable than the molecular structure with granular 
morphology.
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Figure 14. Raman spectra of the PANI (top) salt and (bottom) base films prepared in 
(left) 0.1 M sulfuric acid, and (right) in water deposited in situ on the silicon window 
alkali-treated, measured at the beginning of ageing and after S, 9 and 13 weeks.
The evolution of the Raman spectra of the films prepared under different 
conditions after treatment at 80 °C during three months strongly supports the 
explanation of the changes observed in the corresponding infrared spectra. The most 
significant changes are observed in the Raman spectra of PANI sulfate (Figure 14) 
which is the most protonated sample. Band at 1647 cm-1 which appears as a shoulder 
after two weeks of the aging develops into the intensive sharp peak after three weeks. 
Band at 1623 cm-1 complementary disappeared at the end. The band at 1490 cm-1 shift 
to 1513 cm-1 and a shoulder at 1532 cm '1 occurs. A new strong band appears at about 
1397 cm-1. The intensive band of C-N*+ stretching vibrations observed at 1346 cm-1 at 
the beginning of ageing shifts to the position of 1336 cm-1 and its intensity decreases. 
The intensity of the band at 1262 cm-1 is markedly depressed after ageing. Band at 1170 
cm-1 continuously decreases and the intensity of all the bands under 900 cm-1 decreased 
during ageing. A new strong sharp band at 575 cm-1 appeared in the spectrum.
The evolution of the Raman spectra of PANI salts prepared in water (and in a 
weak, acetic, acid) proceeded similarly, the new strong bands at about 1647, 1513, 1400
1 0 2
cm- 1  and the sharp peak at 567 cm- 1  appeared in the spectra after ageing at 80 °C in air 
during three months (Figure 14). Contrary to the PANI sulfate, these bands existed in 
the Raman spectra of the samples prepared in water (or weak acid) before ageing but 
with low intensity. It signifies that the molecular structure of the sample with 
nanotubular morphology, which contains ortho-coupled units converted by the 
oxidative intramolecular cyclization to phenazines, is close to the crosslinkend 
structures developed during ageing. The appearance of the new Raman bands at ~1644, 
1370 and 576 cm- 1  with temperature was assigned to the formation of phenazine-like 
structures, related to the vibrational modes of structures containing tertiary nitrogens, 
which were formed by crosslinking in heated doped polyaniline [Pereira da Silva et al. 
2000]. NMR and FTIR data clearly show the conversion of the quinonoid rings to 
benzenoid rings upon heating [Mathew et al. 2002]. NMR reveals the presence of 
tertiary amine nitrogens generated from the cross-linking of the annealed chain, yielding 
a Ν,Ν’-diphenylphenazine structure at the size of crosslinking. The Raman spectra of 
PANI salts after ageing for sample prepared in strong and weak acids and in water were 
practically the same. The corresponding PANI bases were more stable. The protonated 
structure was more favorable for crosslinking reaction then deprotonated one.
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5. Conclusions
We have developed a new original methodology of the analysis of the early 
stages of oxidative aniline polymerization. The evolution of the molecular structure 
during the chemical oxidation of aniline under various conditions with different 
morphology has been studied by two main approaches by using the FTIR spectroscopy.
The first, in-situ ATR FTIR spectroscopy, was used when the growth of the 
PANI film is directly studied on the ATR crystal in the FTIR spectrometer and the FTIR 
spectra are recorded during oxidation reaction. We have elucidated the role of the 
induction period in the polymerization process and its connection to the formation of the 
in-situ produced films. The morphology of the final films was studied by optical 
microscopy. This approach was developed and published for the first time.
We have investigated the influence of the various counter-ions present in the 
reaction mixture on the course of polymerization. We have studied the influence of the 
acidity of the reaction mixture on the evolution of the molecular structure of the films 
and on their morphology. We have described the conditions of the nanotubes formation 
and confirmed the models published in the literature. The spectral features typical for 
various morphologies of the final products were determined and their possible 
explanation was offered. The differential spectra of the set of as-measured spectra of the 
product intermediates were used to elucidate the variations in the polymerization 
leading to different morphologies. The factor analysis was applied to distinguish and 
explain the processes influencing the formation of nanostuctures.
Complementary to the ATR experiments, the second approach of the 
polymerization terminated at various stages and the assessment of the molecular 
structure and the morphology of the reaction intermediates was applied. In addition to
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the transmission FTIR spectroscopy, other methods, such as the optical microscopy, 
were used in order to follow the development of the nanostructures. The differences in 
the molecular structures of the final products were described and assigned to the 
different morphologies. The interruption of the reaction and absence of the aqueous 
reaction medium in the second type of experiments enabled the measurement of the 
spectra of intermediates of better quality without the interference of water.
The ATR FTIR measurements demonstrated that the surface polymerization 
precedes the bulk polymerization and the oxidation agent, APS, is consumed gradually 
in the course of the reaction. The development of PANI forms and the conversion of 
pemigraniline to emeraldine structure at the end of polymerization is also well visible 
by this technique. It has been shown that the evolutions of FTIR spectra in the presence 
of chloride, sulfate, and phosphate counter-ions are similar.
The comparison with the results obtained in the experiment of terminated 
polymerization confirmed that the characteristic absorption bands in the infrared spectra 
of PANI prepared in weak acid correspond to the formation of oligomer species and 
ring sulfonation. They are responsible for the differences between the molecular 
structures of PANI prepared in strong and weak acids. The two different methods used 
reflect the link between the course of polymerization and the genesis of nanotubular 
structures. We proposed that the phenazinium-like units predetermined the growth of 
the nanotubes. The sulfonation of the chains may lead to the internal, intra- or 
intennolecular, protonation and may help to stabilize the produced structures by internal 
protonation.
We have analyzed the environmental stability of PANI films during thermal 
ageing. The processes of deprotonation of PANI salt to PANI base, oxidation, 
crosslinking, chain degradation, etc. connected with changes in the polymer molecular 
structure has been detected by FTIR and Raman spectroscopies. In this work, the ageing 
process was studied in the dependence on the doping counter-ions, temperature of 
ageing and morphology of the films. Both methods proved that the doping acid 
essentially influences the thermal stability of the in-situ films. The thermal stability 
decreased going from PANI sulfate to PANI phosphate film, the most thermal unstable 
is than PANI hydrochloride film.
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It has been shown that the differences in the conductivity decrease of the PANI 
hydrochloride observed during ageing of a series PANI films at different temperatures 
is connected with the presence of the transition in the structure of PANI base at around 
80 °C. The thermal stability and structural variation of the films of different 
morphology produced on silicon windows under different conditions was studied by 
FTIR and Raman spectroscopies. It has been shown that the molecular structure of the 
sample with nanotubular morphology which contains ortho-coupled units converted by 
oxidative intramolecular cyclization to phenazines is close to the crosslinkend structures 
developed during ageing.
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